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Foreword
I have always looked to the foreword for a reply to the simple question of why should I read this book? I have formulated this foreword accordingly. The quality and breadth of the science described in this compilation begs a broad audience. I thus admit to lapsing into a degree of editorializing directed specifically to colleagues in the ‘basic sciences’, and in particular neuroscience, to establish streams of research on prenatal stress and neurodevelopment that would complement the impressive advances realized with humans. However, my comments to this audience apply equally well to any student of human child development and suggest that you should read this book – in its entirety.

The epidemiological observation of the association between birth weight and the lifetime risk of cardio-metabolic disease led David Barker to popularize the idea of fetal origins for adult disease. The resulting “developmental origins” hypothesis created widespread interest in physiology and clinical medicine for the importance of the prenatal environment in determining health across the lifespan. In truth, research in child development and psychiatric epidemiology (and see below) predated the “Barker hypothesis.” More recently, the landmark findings from mature, longitudinal cohort studies and those with high-risk samples, the integration of technological innovations into the study of child development, and conceptual and computational advances, all so well described in this volume, have collectively established the study of the prenatal environment as perhaps the most exciting area in the science of child development. So, the short rationale for why you should read this book is that it is the first major compilation of the contemporary science dedicated to the topic of prenatal stress and child development, and the chapters are almost exclusively based on recent research findings from an impressive list of contributors covering an equally impressive range of topics, with contributions that are at the conceptual and methodological forefront of research in child development. The longer version of the rationale follows.
The study of prenatal influences on brain development and function occupies a unique niche in the history of the behavioral sciences. Research in human child development up to the 1990s generally reflected a rather poor understanding of the origins of individual differences in social, emotional, and cognitive function as well as vulnerability for mental disorders. The field was plagued by the deep and misguided distinction of “biological” vs “social” sources of variation in brain function and mental health. The argument was something of a proxy battle for the nature–nurture controversy. It was widely assumed that the essential architecture of the brain emerged during early perinatal development in accordance with a genetic blueprint. The hardware was thus established and considered invariant, save for anomalies associated devastating and thankfully rare neurological conditions. The prevalent understanding assumed that individual differences in social, emotional, and cognitive functions emerged postnatally through processes linked to various forms of learning and memory. The environmental forces thus created the software that drove the genetically prescribed neural hardware to produce inter-individual variation. The reader will immediately note that this approach, apart from its conceptual pitfalls, provided no position whatsoever for the importance of gene x environment interactions – not to mention an appreciation of prenatal environmental influences.
The notion that variation in socio-emotional traits occurred solely as a product of postnatal factors was modified in the 1970s when Thomas and Chess reported stable, inter-individual differences in “temperament” in human newborns (researchers seem to have been that last group of people on earth to have come to this realization!). The landmark, longitudinal studies of Jerome Kagan confirmed temperamental variation in infants and charted both the stability of such differences and their meaningful relation to later anxiety disorders. However, the interpretation of such findings remained embedded in the prevailing, stultified understanding of neurodevelopment. The forces acting prior to birth were still considered uniquely as “biological” in origin, linked to the genetic “blueprint” and the influence of which lay beyond the reach of environmental influences. Since variation in temperament appeared in newborns, it was assumed ipso facto to be the product of biological (i.e., genetic) influences. The irony here is that the anxiety disorders presaged by the variations in temperament are among the least heritable of all brain-based disorders.
A more informed insight into the biology of prenatal neurodevelopment emerged, in large part, from two streams of science. The first were studies of prenatal stress in rodents and nonhuman primates (e.g., Schneider & Moore, 2000; Coe et al 2003; Weinstock, 2008). Rigorously controlled studies that included postnatal cross-fostering provided unequivocal evidence for the importance of the maternal environment on neuroanatomy and brain function. These studies bore the merit of systematic experimental manipulations using a range of behavioral tests and what were at that time state-of-the-art neuroscience techniques. Stress imposed on the mother during pregnancy produced an enduring signature on brain structure and function. Cross-fostering studies precluded associated complications of the postnatal environment (see Hartman and Belsky in this volume for a more nuanced version of this issue). These studies provided compelling evidence for “environmental effects’ on fetal neurodevelopment.
The second stream of science included studies of human development reporting directly on measures derived from the fetus, such as those of Janet Di Pietro at Johns Hopkin and the Myron Hofer-inspired Columbia Sackler Center researchers that included Bill Fifer, Catherine Monk, and colleagues (see the Chapter of Scorza, Doyle, and Monk for an updated version of this program). In parallel, epidemiological assessments were designed to reveal the origins of variation in health and development (chapters in this book by pioneers in this field capture the importance of these analyses, e.g., Herba and Glover; Tiemeier and Evans). These chapters reveal the impact of the early epidemiological analyses such as those with Dutch and British cohort studies on our understanding of the developmental origins of vulnerability for later psychopathology.
While the prenatal period has been recognized as critical for so-called neurodevelopmental disorders such as autism spectrum disorder and schizophrenia, analyses from cohort studies, most notably the Avon Longitudinal Study of Parents and Children (ALSPAC), suggest a comparable importance for affective disorders (e.g., see Tiemeier and Evans in this volume). In what I consider a landmark paper, Pearson et al. (2013) showed that prenatal maternal symptoms of depression better predicted the later risk for depression in the offspring than did postnatal symptoms. A strong, if orthogonal, level of support for the broad importance of the prenatal period of development emerges from genomic analyses. Schork et al. (2019) completed a cross-disorder genome-wide analysis using the iPSYCH cohort drawn from Danish registries. A unique feature was the inclusion of multiple forms of psychiatric diagnoses and the subsequent identification of candidate genes with strong associations across multiple forms of mental disorders. This theme emerges from many previous analyses revealing strong genetic correlations across presumably distinct psychiatric disorders. The finding of relevance for this volume is that the emerging candidate genes were highly enriched for those that show a distinctly high level of fetal expression, especially in radial glial cells and inter-neurons. Simply put, genes bearing variants that most strongly associate across psychiatric disorders are most active during prenatal brain development. This rather astounding level of convergence from highly disparate areas of science points clearly to the importance of the topic so well captured in this book.
The studies noted above and others have clearly established the importance of the prenatal period for later mental health. The unique strength of this book is that it provides an up-to-date overview of the next generation of research. Remarkably, these impressive advances derive from research with human subjects. Unfortunately, my sense is that basic neuroscience, with some notable exceptions, such as research of Tracy Bale at the University of Maryland, has failed to keep pace. This situation is ironic considering the importance of the contribution of pre-clinical neuroscience research to the emergence of this field. I emphasize this point here because this book provides a remarkable framework for innovative, integrative research in neuroscience, as in many other disciplines.
I would make the plea that in addition to anyone with an interest in child development, this book should be essential read for researchers pursuing “pre-clinical, basic science models of neurodevelopment and brain health.” Part II of this book reveals the remarkable progress achieved in studies with human samples towards an understanding of the biology underlying the influence of prenatal stress. The studies of Claudia Buss, Pathik Wadhwa, Elysia Poggi Davis, and their colleagues at UC-Irvine (see the Chapters of Moog, Wadhwa, and Buss and Demers et al.) together with those of the Columbia Centre (see above) catalyzed an era that has brought together neuroimaging, epigenetics, neuroendocrinology, immunology, and, more recently, studies of the microbiome (see the chapter of John Cryan et al.) to create highly plausible working models for the biological mechanisms linking prenatal stress to child development. The chapter of Scorza, Doyle, and Monk very appropriately focuses on the placenta as the fetal organ that lies at the fetal interface of mother and child. Collectively, these research programs bear the promise of identifying the signals that shape inter-individual variation in early neurodevelopment.
As a neuroscientist, I cannot but imagine the astounding science that might emerge with the use of small animal neuroimaging as an obvious parallel to the human research that permits direct intervention targeting the candidate biological mechanisms described in this book. Transcriptomic/epigenomic analyses together with gene-editing technologies bear the promise of a unique capacity for identification of cause–effect studies of the signals shaping fetal neurodevelopment. The challenge for the basic sciences is to define the mechanisms that link variations in the maternal environment to specific, clinically relevant developmental outcomes in the offspring. To meet this challenge, pre-clinical research models will require a closer alignment with research programs with human subjects. Essentially, models with rodents and other species must more closely map onto the clinically relevant environmental conditions (i.e., those that produce an increase in risk for a specific functional outcome). This book provides clear direction towards the development of clinically relevant models for the study of prenatal adversity on brain development and function in nonhuman subjects. The same considerations serve to frame future studies with humans.
Prenatal stress studies in non-human models commonly involve imposing stress on mothers for distinct period of time pregnancy to model the effects of maternal exposure to traumatic events. These studies were inspired by the increased rate of schizophrenia and neurodevelopmental disorders in the offspring as a result of sudden and severe maternal stress (e.g., natural disasters) occurring at a specific phase of pregnancy. The chapter by King and colleagues in this volume describes the very fruitful follow-up research from the Québec Ice Storm and other such tragedies as one exemplary research program. Such studies provide powerful evidence for the impact of maternal stress independent of traditional confounding personal traits and circumstances that often trouble the interpretation of observational research. These studies, like many with non-human models, also inform on developmental periods when specific outcomes are most sensitive to disruption. In contrast, studies are inspired by the association observed in humans between measures of maternal symptoms of depression and anxiety as well as chronic maternal distress. Longitudinal trajectory analyses clearly show that these measures of maternal “distress” are highly stable over the perinatal period (only a small percentage of mothers show a major change in symptom levels following parturition). Unfortunately, seriously troublesome circumstances are more commonly persistent than sporadic. For only a small percentage of women are the relevant affective states unique to a specific peripartum period. Investigations of greatest relevance for these maternal conditions must abandon an obsession with temporal specificity in favor of a more clinically relevant model that emphasizes the chronicity of maternal distress. Thus, the clinically relevant model for the effects of maternal distress on the subsequent risk for depression or anxiety is one that imposes stress on dams over the entire period of pregnancy and beyond. Of relevance, here is the chapter of Katherine Cost, Patrick McGowan, and Jodi Pawluski that describes the influence of the antenatal maternal environment on parental care.
Perhaps one of the most fascinating topics in child development is the degree to which variation in the sensitivity of individuals to environmental contexts at one stage in development is shaped by preceding influences. Hartman and Belsky describe what neuroscientists would describe as “meta-plasticity” whereby the importance for postnatal influences, such as parenting, varies across individuals as a function of exposure to adversity during prenatal life. This topic was actually explored in earlier pre-clinical models in studies showing greater effects of postnatal environmental enrichment among animals exposed to prenatal stress. Here to there is a remarkable opportunity for the basic science community to embrace the complexity of development over time. I will leave the reader to explore the Harman and Belsky chapter for a discussion of the implications for intervention studies and the evaluation of their impact.
I could go on. The richness of each topic so intelligently described in this collection of chapters begs reflection and an eye to exciting future research; a topic nicely considered in the last chapter by Ashley Wazana, Eszter SzÕkely and Tim Oberlander. This book provides what in my mind is the most advanced compilation of existing knowledge and state-of-the-art science in the field of prenatal psychiatry/psychology (and perhaps in the entire field of prenatal medicine). This volume can brilliantly serve to focus future directions in our understanding of the perinatal determinants of brain health.

References
	Coe, C. L., Kramer, M., Czeh, B., Gould, E., Reeves, A. J., Kirschbaum, C., & Fuchs, E. (2003). Prenatal Stress Diminishes Neurogenesis in the Dentate Gyrus of Juvenile Rhesus Monkeys. Biological Psychiatry, 54, 1025–1034.

	Pearson, R. M., Evans, J., Kounali, D., Lewis, G., Heron, J., Ramchandani, P. G., O’Connor, T. G., & Stein, A. (2013). Maternal depression during pregnancy and the postnatal period: risks and possible mechanisms for offspring depression at age 18 years. JAMA Psychiatry, 70, 1312–1319.

	Schneider, M. L., & Moore, C. F. (2000). Effect of prenatal stress on development: A nonhuman primate model. In C. A. Nelson (Ed.), Minnesota symposium on child psychology (pp. 201–243). Mahwah: Erlbaum.

	Weinstock, M. (2008). The long-term behavioural consequences of prenatal stress. Neuroscience & Biobehavioral Reviews, 32, 1073–1086.

	Schork, A. J., et al. (2019). A genome-wide association study of shared risk across psychiatric disorders implicates gene regulation during fetal neurodeveopment. Nature Neuroscience, 22, 353–361.






Michael J. Meaney

Preface
Historically, pregnancy had been thought of as a cocoon with the placenta as a perfect filter that protects the fetus from the harmful effects of the outside environment, while letting through helpful substances necessary for growth and development. It has not been before David J. Barker formulated his fetal origins hypothesis three decades ago that we began to understand that an adverse prenatal environment can “program” the offspring more likely to develop diseases in later life. These negative programming effects are surprisingly far-reaching, influencing metabolic health, immune functioning, neurodevelopment, our microbiome, and mental health. Yet, it is becoming increasingly evident that not all outcomes are negative, and why some children are developmentally healthy even under adverse circumstances has become a pressing and compelling focus of research.
This volume fills a void by providing a much-needed review of the literature that has accumulated over the past 30 years on prenatal stress and its effects on child development. The book includes 21 chapters, divided along four main themes. The introductory chapters present an overview of the many facets of prenatal stress and outline what we know about its epidemiology, particularly of prenatal anxiety and depression. The second theme includes chapters that each examine a mechanism or moderator of the relationship between prenatal stress and offspring development, such as placental mechanisms, epigenetic processes, immune function, sex-specific effects, and the influence of parenting. The third theme focuses on the role of plasticity, resiliency, and the larger environment as contexts in examining the effects of prenatal stress on child development. Finally, the fourth theme presents perspectives on clinical directions for prevention and intervention.
The contributors are leaders in their respective fields, and, as such, were asked to provide their own personal take on the subject, in addition to providing an in-depth, comprehensive review of the current state of knowledge in their fields. At the end of each chapter, the authors provide a summary section, highlighting the main findings and offering recommendations for future research and clinical guidelines (where applicable). We believe this book should be of interest to researchers and clinicians alike, and to everyone, particularly students, who are interested in learning about the intricate ways in which a child’s earliest environment in the first 9 months shapes their development many years later.

Eszter Székely
Tim Oberlander
Ashley  Wazana
Montreal, QC, CanadaVancouver, BC, CanadaMontreal, QC, Canada
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We are writing this Introduction at a time of unprecedented population-wide stress and uncertainty associated with the COVID-19 pandemic. Beyond the actual infection itself, this world crisis affects us all, and not surprisingly, the most vulnerable remain disproportionately affected by the many of the unintended social, economic and health consequences associated with racial and economic inequality, the loss of employment, social isolation and stress inherent to an uncertain future. What could be a more poignant reminder of the enduring impact of a a prenatal pandemic-related stress that affects mothers’ well-being and the developmental health of her children?
For pregnant women and their fetus and children, this is a particular time of heightened vulnerability. While it will be many years before we will know the full impact of this historic event, even at the early stages, this public health emergency is already having immense social, political and climate impact, far beyond the viral infection itself that at its core is a mental health pandemic (Kotabagi et al. 2020; Kar et al. 2020; Martin et al. 2020).
With this in mind, the novel virus among us reminds us of how vulnerable we are and how interconnected we are to our physical, biological and social world around us. Events at one moment have lasting and yet unrealized impacts long after the event ends. In fact, the Covid-19 pandemic may become an exemplar for the very story of how stress during pregnancy has an impact that spans across two or more generations.
In a poignant essay, Janet Dipietro (2004) reminds us that the notion that a mother’s mood could affect the development of her fetus and her infant has been a part of our consciousness for many centuries or even longer.

“Ay, for this I draw in many a tear,
And stop the rising of blood-sucking sighs,
Lest with my sighs or tears I blast or drown
King Edward’s fruit, true heir to the English Crown”
-Queen Elizabeth’s response upon learning of her husband’s imprisonment,
in Shakespeare’s King Henry VI (Part 3), Act IV, Scene IV



Since antiquity, people have thought that the emotions and experiences of a pregnant woman impinge on her developing fetus. Some of these notions, such as the idea that a severe fright marks a child with a prominent birthmark, no longer persist. However, the premise that maternal psychological distress has deleterious effects on the fetus is the focus of active scientific inquiry today.
A resurgence of interest in the prenatal period as a staging period for later diseases, including psychiatric ones, has been fostered by the enormous attention devoted to the hypothesis of fetal programming advanced by D. J. Barker and his colleagues. Fetal programming implies that maternal and fetal factors that affect growth impart an indelible impression on adult organ function, including the functioning of the brain and nervous system (Dipietro 2004). “The scientist in the womb,” collects, evaluates, collates, prunes, and consolidates neurosensory inputs in an on-going effort to grow and change her own (body and) brain (Gopnik et al. 1999; Prechtl 1984). That earlier circumstances, including those during the prenatal period, might affect later development is hardly newsworthy to developmentalists. In the 1930s, the Fels Research Institute initiated a longitudinal study of child development that commenced with an intensive investigation of the fetal period. With estimates that fetal exposure to prenatal stress accounts for as much as 15% of the attributable risk for adverse mental health outcomes (Glover and Hill 2012), the field of research of prenatal stress has taken on even greater prominence.
This book is a first attempt to assemble in a dedicated work the state of knowledge in the field of prenatal stress. We have gathered expertise highlighting (i) the mechanisms linking prenatal stress and child development, (ii) risk and resiliency inherent to complex developmental models integrating prenatal stress, child and maternal biology and the environment across the lifespan, and (iii) offering prevention, early identification and intervention initiatives that signal a hopeful future.
Complexity and Complementarity of Measuring Stress
The introductory section (Part I - Introduction and Epidemiology) speaks to the breadth of themes covered in this book and to the complexity of characterizing prenatal stress (Chap. 2. The Epidemiology of Prenatal Stress). Physiological aspects of maternal stress and distress include the Hypothalamic-Pituitary-Adrenal (HPA)-axis and immune functioning, while psychological aspects of stress include exposure to stressful events (e.g. traumatic experiences, daily hassles and chronic stressors), cognitive appraisals and emotional responses (including symptoms of anxiety and depression). The rubric of prenatal stress is diverse and rich, most likely speaking to what remains to be understood of a common pathway integrating the multiple layers of manifestations.
Regardless of how we define prenatal stress, this phenomenon is now recognized as the most significant complication in pregnancy (ACOG Committee Opinion No. 757 2018). Depression is diagnosed in up to 10% and significant symptoms of depression in up to 20%, with equally significant levels of anxiety and stress symptoms across gestation. The prevalence of environmental disasters are harder to quantify but seem less negligible and geographically specific than once thought (COVID, global warming). Also, since the vast majority of the evidence linking prenatal stress with adverse outcomes examines prenatal stress as a continuous measure, the concern is that establishing a safe threshold for prenatal stress is difficult. The effects of prenatal stress are likely across the continuum, reflecting a continuous and dynamic interface and dialogue between the developing fetus and the mother, and the experiences after birth.
Mechanism Linking Prenatal Stress and Child Development
The next section (Part II – Mechanisms and Moderators) assembles a now established body of knowledge on the mechanisms linking prenatal stress and child development. Starting with an evolutionary perspective (Chap. 3. The Developmental Effects of Prenatal Maternal Stress), prenatal stress has a role in fetal development including on the HPA axis, preparing the fetus for postnatal adaptation. Understanding the role of cortisol, a downstream product of the HPA axis regulating prenatal stress and anxiety, has led to a better understanding of the role of stress hormones systems, fluctuations, susceptibilities and resilience, as well as its biological components and mechanisms. The imperfect overlap of prenatal stress and HPA changes and measures has led to the exploration of other pathways whose interlocking roles are still being studied.
Understanding these pathways has been aided immensely by emerging technologies and methods for assessing fetal stress response and placental pathophysiology (Chap. 4. Prenatal Programming in the Fetus and Placenta). Fetal physiological monitoring and fetal neuroimaging can now be used to track fetal stress manifestations to the longer-term outcome. The placenta being a unique structure with both fetal and maternal cells, work on its fundamental functions has informed mechanisms of prenatal stress. For example, the role of nutrient transfer, the regulation of cortisol movement across the maternal-fetal barrier, stress endocrinology, the synthesis of de novo serotonin placental and epigenetic changes unique to placental physiological – these all point to how prenatal stress is embedded in an “iterative process of psychobiological development that commences even before birth (p. xx)”.
Epigenetic mechanisms also embed prenatal stress into the developing fetus leading both to positive and adverse developmental outcomes (Chap. 5. Epigenetics Effects of Prenatal Stress). These include histone modifications, micro-RNA and DNA methylation, although the bulk of the evidence stems from methylation findings. Key genes in the placenta, the HPA axis and the serotonin pathways have been implicated in the fetal programming of the stress response, and their downstream effects on immune system functioning and neurodevelopment suggest a recurring thread in the pathway between prenatal stress and child development. That the intrauterine environment regulates immune-related genes expression is consistent with the understanding of pregnancy as an immune-challenged state (Chap. 7. Immune Models and Mechanisms). During pregnancy, the mother’s immune system makes adaptations to accommodate the semi-allograft, effects seen in the immune response of the fetus and mother and the effect on immune disorders. This points to the early origins of a biological dyadic “ballet” that starts long before birth, shaping a shared risk and resiliency.
To date, transplacental transfer mechanisms have focused on ways maternal stress during pregnancy affects the developing fetus (Chap. 8. The Microbiome-Gut-Brain Axis). Now, increasing attention is being paid to the role of the gastrointestinal microbiome during pregnancy as a key extra-placental stress transfer mechanism. Changes in the microbiome are linked to several mechanisms noted to mediate the stress stimuli’s neurodevelopmental effects, including the HPA axis activity; altered serotonin signalling; changes in placental function; and immune system dysregulation. With its connection to neuro-endocrine, neuro-immune, and autonomic nervous system pathways, research is driving at consolidating the microbiome as a fundamental driver of these stress responsive systems which mediate changes in brain function and behaviour.
Evidence for the pathways linking prenatal stress and long-term developmental outcomes is strengthened by evidence that these same pathways are implicated with early life stress that occurs even prior to pregnancy, i.e. preconception stress (Chap. 6. Intergenerational Transmission of Parental Early Life Stress). The mechanism underlying preconception stress provide additional insights about the stress-response system, (inherited) epigenetic modifications, alterations in the gut microbiome composition and downstream alterations in maternal glucocorticoid and inflammatory response to stress. The importance of early postnatal and paternal effects adds yet another rich layer to the complexity of influences.
Neurodevelopmental changes from prenatal stress measurable with physiological and imaging (Chap. 9. Prenatal Programming of Neurodevelopment) have documented the telling effects of stress during pregnancy even before any postnatal influences. From the first historical findings of movement and fetal heart variations associated with maternal prenatal stress, we now have a moment to moment assessment of maternal startle and stress which provide direct insights about the fetal stress response. Early postnatal imaging (and even prenatal imaging) can detect changes prior to the influence of the postnatal environment. Volume and thickness changes have been consistent, and associated with downstream psychopathology, with findings in the prefrontal regions (thinner) and hippocampus (reduced Right volume) most prominent. Changes in white matter connectivity, a process of greater development importance as of mid-gestation, have also been documented consistently. Of note is that our knowledge of this literature continues to grow in parallel with our understanding of fetal brain continuities. Given some attributes are conserved while others cross over into other domains or finally that a shared attribute can be expressed differently, the task of stress by brain structure by development is a richly evolving field.
An exploration of the sex-specific effects of prenatal stress (Chap. 10. Sex-specific Impacts of Prenatal Stress) has been an important path for understanding underlying mechanisms during fetal development. Male foetuses are more vulnerable to the toxic effect of utero stress, in effect leading to dysregulated brain development and more serious fetal outcome, a finding consistent with evolutionary theory. In contrast, female foetuses seem to be more responsive to in utero stressors with a greater effect on affective symptoms. With sex-specific differences in stress responses measured in the HPA axis, the placenta, the epigenome, the immune and inflammatory processes, this research consolidates the literature.
The understanding of environmental stress in very preterm infants (Chap. 11. Stress in Fetal Life ex Utero) provides complementary insights into an ex utero model of fetal stress. Infants born very preterm spend the developmental period corresponding to the late second and third trimester of fetal life in the neonatal intensive care unit, during a period of rapid brain development. The mechanisms linking pain management strategies and brain development involve the same HPA axis and epigenetic changes pathways, yet in the context of intervention models, modification in pain stress exposure also explore whether and how these pathways are modifiable.
Finally, an understanding of the effect of prenatal stress on the developing child would be lacking without an attention to equally important effects on the parents to be, during and after pregnancy (Chap. 12. Gestational Stress and Parenting). Pregnancy is also a sensitive window of development for the parents, during which stressors can model the maternal and paternal brain, influences actually diverging by type of stressor (for example, environmental vs. individual). Neurobiological and physiological mechanisms include influences on the immune system, epigenetic changes and HPA axis. Of equal importance are influences on caregiving, breastfeeding practice, feelings of competence and even attentional bias.
Resilience, Differential Susceptibility and the Role of the Postnatal Environment
The next section (Part III – Modelling Plasticity, Resiliency, and the Role of the Environment) examines the importance of the environment across the lifespan. Historically, disentangling the effects of stress during pregnancy and after pregnancy has been complicated by continuities of maternal and paternal stress across the different life events (preconception, prenatal and postnatal). Depression and anxiety in pregnancy increase the risk for these disorders postnatally, and vice versa. Such complexities have driven initial scepticism about the importance of prenatal stress. The literature described in the previous section supports a separate and independent effect for prenatal stress during pregnancy, if not even prior. However, the problem of narrow time determinism would become reversed and as impairing in our field if a consideration of the contribution of postnatal maternal stress would now be undermined. This section includes theoretical and methodological approaches for considering the influence of stress across the lifespan, prenatal and postnatal, the role of the environment, and differences in susceptibility to adversity.
Whereas much of the literature documenting prenatal stress effects have documented adverse developmental outcomes, an equally important literature suggests that the valence of the developmental outcome (positive or negative) might actually change as a function of the quality of the postnatal environment (Chap. 13. Prenatal Programming of Postnatal Plasticity). Negative emotionality (NE) and emotional regulation (ER) are two intermediate phenotypes which are quite consistently predicted by prenatal stress, with pathways including placental transmission and modifications of the microbiome. Both NE ad ER increase susceptibility to the environment. Evidence that NE and ER confer differential susceptibility to the postnatal environment underlines the effects of the environment across the lifespan, in a manner which have been fundamental to human evolution (Hill et al. 2019).
Striking variation exists in the effects of gestational stress on maternal, fetal and child outcomes, with some individuals showing better than expected functioning in the face of significant stress (Chap. 14. Gestational Stress and Resilience). These variations underscore the probabilistic rather than deterministic nature of development in the context of risk (Curtis and Cicchetti 2003). A multiplicity of factors, even during pregnancy, should be considered in this heterogeneous response to prenatal stress including genetic factors clearly and epigenetic factors. Of equal importance are the quality and the continuity of stress across the lifespan and notably in the postnatal environment. However, that not all deviations from the ‘expectable environment’ direct some individuals towards maladaptation and disease risk, whereas other individuals function well when confronted with the same challenges is the subject of a rich framing of resilience within the prenatal stress paradigm. This includes a consideration that not only the quality of the environment but also its continuity across the prenatal to postnatal period might be pertinent, the match-mismatch hypothesis.
Finally, methodologic developments need to match the evolving complexities of our developmental models (Chap. 15. Statistical modeling of GxE). The exploration of single gene and single environment models of prediction has been fraught with disappointments and false starts and even threatened to shut down entirely a field of research necessary to characterize all factors at play. The advent of genetic scores characterising a susceptibility across many, if not all, genes in the genome has buttressed the reliability of this research. However, the models have had to compromise with an examination only of genes with main effects, as efforts to harmonize genes have not been matched with efforts to harmonize environmental exposure. The advent of more flexibility weighted models of multiple genes and environment and deep learning and computational innovations have offered fruitful avenues for similarly complex developmental models.
What Can and Is Being Done to Optimize Outcomes Across Two Generations
The final section presents a focus on direct clinical and policy-level interventions that promote mental health for mothers and their children. The concern about a book summarizing the evidence linking prenatal stress and child development is that it might raise alarm for expectant parents about the impact of their experience of stress during pregnancy. Given pregnancy comes along with worries and stresses, from adaptation to parenting life, uncertainties about health outcomes and obstetrical health monitoring, such a work could lead to “stress (and guilt) about stress.” It might also lead to conclusions that effects during pregnancy are definitive and deterministic. The nuances and diversity of developmental outcomes highlighted should serve to reassure about such alarming conclusions, as should the importance of resilience, genetic susceptibility and the role of the postnatal environment, including individual and population-level scales interventions reviewed in this section.
Adverse intrauterine conditions are reflected in shortened gestation, smaller body size at birth, and in some cases, fetal growth restriction (Chap. 16. The Long-Term Effects of Extremely Low Birth Weight). The outcome of children born very prematurely and with very small birthweight has provided some of the earliest insights about the lifelong developmental impact of prenatal stress on development. With more than 50 years of longitudinal follow-up, evidence-based guidelines for early interventions reveal that while some consequences of these early stresses do not change as a function of further factors, at least strategies exist to manage their long-term effects. Some impact can be mitigated by early interventions, and overall, strategies exist which can shift susceptible children towards resilience that may reduce the impact of stressors associated with extremely preterm birth.
Children’s sleeping behaviours are also intimately tied to prenatal stress (Chap. 17. Prenatal Stress and Children’s Sleeping Behaviour). Sleep is an individual and social process with developmental origins which makes it very sensitive to prenatal influences. For example, 35% of the variance in fetal activity can be explained by prenatal anxiety and depression (Dieter 2001), with more deep sleep periods associated with greater prenatal stress. With many of the mechanisms discussed previously linking prenatal stress and sleep disturbances (e.g. genetic susceptibility and stress reactivity/HPA axis arousal), interventions targeting sleep across the lifespan (prenatal and postnatal) provide insights about the reversibility of these pathways, along with precise clinical directions for targeting maternal stress and infant development.
The last three chapters speak directly to the importance of prenatal stress as the most important complication in pregnancy, the impact of treatment (for better and worse) and interventions that may actually prevent adverse outcomes and promote optimal outcomes. Importantly, rich novel research designs are being tested and numerous interventions are already being implemented and assessed. Such interventions, building on an emerging understanding of biological, physiological, and neurodevelopmental mechanisms that underlie ways perinatal stress shape early brain development, stand to provide us with innovative and effective evidence-based interventions.
Prenatal stress emerging from the impact of natural disasters, likely becoming more prevalent in our changing planet, requires distinct interventions for the experience of adversity which are more likely to be random and less intermingled with selection and transgenerational factors (Chap. 18. Natural Disasters and Pregnancy). Responses and outcome from natural disasters provide opportunities to disentangle the impact of objective experiences of distress, measurable from adversity resulting from the disaster, from personal affective and cognitive experiences of the events. Evidence from rapid responses to such events can inform us of interventions which can buffer perinatal women and their children from disaster-related stress. A map for policy-level, population-level, and family-based solutions provides long-needed directions for a growing need.
For more than two decades, antidepressants have been used to treat maternal depression and anxiety during pregnancy with the expectation of benefit for mothers and their offspring. While such treatment possibly reduces adverse outcomes to mothers and children, also comes with potential developmental risk (Chap. 19. Prenatal and Postnatal Maternal Stress and Prenatal SSRI Exposure). Contradictory findings of adverse, neutral or even positive outcomes for developing children makes the decision to treat prenatal depression with pharmacotherapy remains challenging for mothers and their clinicians. Compounding this situation are the methodological complications of distinguishing the effect of medication from the impact of mother’s mood during pregnancy, which inherently linked with pharmacotherapy (“confounding by indication”) and treatment response. While treatment might be necessary for some and the need to balance risk and benefits requires evaluating current findings, for others, the results of emerging innovative clinical trials designed to evaluate both pharmacological and nonpharmacological treatments might offer a clearer assessment of the risks and benefits and clearer evidence-based approaches to managing mood disorders during pregnancy.
The development and implementation of timely and effective psychological and psychosocial preventive and treatment interventions for subjective maternal distress during pregnancy have led to significant benefits in treated mothers but uncertainty about the developmental outcomes of the children (Chap. 20. Pre- and Perinatal Interventions for Maternal Distress). With advances in designs more explicitly ascertaining maternal distress and complete child neurodevelopmental outcomes, the prospect for scalable and feasible early intervention and prevention seems very close. This includes innovative study designs (single-subject designs, N of 1 trials etc.) that enable observational and natural intra-individual longitudinal changes in symptoms, interventions that combine pharmacological and nonpharmacological treatments and trials that focus on promoting positive functional dimensional outcomes (as opposed to categorical clinical endpoints for mothers and their children).
Concluding Thoughts
The rate of fetal development by far exceeds that of any other period during our lifespan, with the formation and maturation of the brain commencing in early gestation. As such, the developing brain and fetus are more susceptible to influences, both beneficial and harmful, which will map the developmental foundations of the emerging human (Chap. 9). This book summarizes how maternal experience during pregnancy alters maternal physiology in pregnancy, is directly and indirectly transmitted to the fetus through multiple physiological pathways, and changes the subsequent course of fetal development, with long-lasting and permanent effects on health and disease. Our volume is presented with the expectation that a solid body of science supporting our understanding of the impact of prenatal stress, its developmental consequences and opportunities for effective intervention offer a bright future in this field.
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Stress is a broad concept concerned with the psychological and physiological response to a threat. When individuals perceive the environmental demands as exceeding their capacity of adaptation, stress is thought to occur (Cohen et al. 1995). This broad definition of stress has led to studies of a wide variety of stressors in pregnant women, such as interpersonal problems, adverse life events, financial difficulties, physical complaints, depression, anxiety or worries about their pregnancy (O’Donnell et al. 2009). Also, while many consider depression and stress to be different concepts, studies on the association of prenatal stress and child outcomes often include depression and anxiety as indicative of prenatal stress. Both depression and anxiety are common manifestations of stress and are linked to physical stress responses but also to other psychosomatic correlates such as sleep problems, pain syndromes or immunological changes. The stress response may have measurable biological consequences such as raised cortisol and increased sympathetic drive, but more usually prenatal stress is identified through the reporting of psychological symptoms such as low mood, loss of pleasure, worry and fearfulness and syndromes such as depression and anxiety disorders.
Although a categorical approach to diagnosing depression or anxiety disorders is important for making clinical decisions concerning treatment, symptoms in reality lie on a continuum in general populations with no point of rarity indicating a true distinction between clinical disorder and normality. For this reason, and the fact they are easier to collect in large samples, epidemiological studies often rely on self-report symptom scales to measure depression or anxiety on a continuum.
Broad and Specific Concepts of Stress
Characterisation of prenatal stress varies between different research groups. Some have taken a straightforward approach grouping stress according to categories that appear to be distinct such as life events (e.g. death in family, accident, illness), contextual risks (e.g. poor housing conditions, financial problems), risks arising from parental characteristics (e.g. parental psychopathology, criminal involvement and substance use) and interpersonal risks (e.g. intimate partner violence, family conflict) (Cecil et al. 2014). However, it is clear that these stresses are not independent there are complex causal relationships between them.
Exposure to natural disasters during pregnancy has been studied as a natural experiment in prenatal stress exposure as these are considered to be events that are independent of maternal characteristics which might confound any relationship observed. Examples include invasion of the Netherlands by the Nazis in 1940 (van Os and Selten 1998), the 1998 ice storm in Québec, Canada (King et al. 2012), and the 2011 Earthquake in Christchurch, New Zealand (Hawkins et al. 2019). There is concern about the potential consequences of prenatal stress related to the Covid-19 pandemic, particularly as pregnant women are advised that they are a vulnerable group in the third trimester of pregnancy (Berthelot et al. 2020).
Although these studies have the advantage of the independence of these events from maternal characteristics it can be difficult to identify a non-exposed group for comparison. Different approaches include using an earlier cohort prior to the disaster for comparison, some measure of the dose of exposure or perceived stress of the exposure if it is available.
Indeed, some scholars view maternal perceived stress during pregnancy, that is, the degree to which life events are considered stressful as key to prenatal stress. However, stressful events rarely happen in isolation but rather tend to co-occur (Appleyard et al. 2005). Like anxiety or depression, perceived stress cannot be directly observed and can only be assessed by self-reported indicators that represent related aspects of stress (e.g. daily hassles, severe life events; O’Donnell et al. 2009). The substantial conceptual and phenotypic overlap of these stress measures are arguments supporting a broad concept of perceived stress.
Other groups have investigated aspects of prenatal stress such as maternal psychopathology in more detail. In a replication across three cohorts, prenatal maternal affective symptoms were shown to best fit a bifactor model consisting of a general affective symptoms factor and a number of specific factors (Székely et al. 2020). General prenatal affective symptoms and pregnancy-specific worries both predicted early child outcomes.
One of the most commonly recognised manifestations of prenatal stress is depression and anxiety; their prevalence, incidence and trends over time are discussed below.
Prevalence and Incidence of Prenatal Depression and Anxiety
The occurrence of depression or anxiety during pregnancy means that the fetus may be exposed to prolonged maternal physiological stress response. The consequences of this are now beginning to be understood and are discussed in other chapters. Here we describe the scale of prenatal stress disorders and their risk factors. This is important in order to recognise, treat and ultimately prevent these disorders. The aim is to reduce adverse effects on the mother, the developing infant and, more widely, the whole family.
Prenatal Depression
Depressive disorders are diagnosed according to specific criteria; these include low mood and lack of pleasure as core features along with a number of others such as low energy, poor concentration and feelings of worthlessness. There are different systems for diagnosis which are not completely consistent; however, there is not a distinct diagnosis of prenatal depression. Although the features are the same as for depression at other times, the context in which it is experienced and the consequences are different.
Depressive disorders are common throughout adult life and the prenatal period is no exception. Whilst in the past, it has been suggested that pregnancy is protective against depression and other common mental disorders, there is no evidence to support this claim. In a systematic review of prevalence and incidence reported a point prevalence of 11% for depression in early pregnancy dropping to 8.5% in late pregnancy with a period prevalence of major depression of 12.5% between conception and birth (Gavin et al. 2005). The incidence of major depression during pregnancy was estimated at 7.5%. These rates are in line with those observed in women of a similar age who are not pregnant or postpartum. There is no evidence to suggest greater severity, a different time course or different symptom patterns at this time (Evans et al. 2001; Pearson et al. 2018). However, the context in which depression or anxiety is experienced makes it unique, and diagnostic systems recognize this by adding a perinatal onset specifier to what are otherwise identical criteria for the diagnosis of depression at other times.
Prenatal Anxiety Disorders
There are a number of different anxiety disorders; the most common is the generalized anxiety disorder which diagnostically is an anxiety which is not restricted to a particular environment or situation and is characterized by worry which cannot easily be controlled, nervousness, sweating, trembling and poor concentration. This is different from episodic anxiety such as that experienced in panic disorder and situational anxiety such as that experienced in social anxiety disorder. Comorbidity of depressive disorders and anxiety disorders is common, and at a symptom level, there is a strong correlation between symptoms of depression and anxiety.
The prevalence of anxiety disorders at this time is less well-documented. One study reported up to 10% of women experiencing generalised anxiety disorder and 5% with panic disorder (Goodman et al. 2014) during pregnancy. Estimates vary widely with a more recent review finding estimates of any anxiety disorder of between 2.9% and 39.7% (Leach et al. 2017) and it is not clear whether the prevalence is the same as for women of the same age who are not pregnant or postpartum. Many researchers contest the validity of the different anxiety disorder diagnosis and advocate different classifications lumping different anxiety disorders such as generalized anxiety and panic disorder together, or they advocate a continuous approach using anxiety symptoms. Studies using these approaches generally suggest that anxiety disorders or clinically relevant anxiety symptoms are equally prominent as depressive disorders or clinically relevant depressive symptoms.
Trends Over Time
There has been a rise in the prevalence of depression and anxiety disorders in young women reported over the last few decades. The Office for National Statistics survey in the UK is repeated every 7 years and the latest survey from 2014 has identified a steady rise in symptoms of depression and anxiety disorders over the last two decades (McManus et al. 2014). This is consistent with the findings from two generations of the ALSPAC cohort study showing an increase across the generations in depression with 25% having high depression scores in pregnancy in the most recent generation compared to 17% in their mothers who were pregnant within the early 1990s (Pearson et al. 2018). It was also noted in this study that the antidepressant use is much more common amongst the second generation of pregnant women increasing from 2% to 13% not accounted for by the rising rate of depression alone.
Pregnancy-Specific Anxiety
Pregnancy-specific anxiety is a term used to describe worry about the health of the baby, worry about bodily changes during pregnancy, and worry about labour or about becoming a parent. This can be distinguished from depression or anxiety disorders on the basis of symptom profiles although definitions vary substantially (Huizink et al. 2004). In a longitudinal study of a high-risk group, Blackmore et al. (2016) found an association with obstetric outcomes and that pregnancy-specific anxiety predicts anxiety at 6 months postpartum independently of symptoms of prenatal anxiety or depressive disorder. The particular importance of pregnancy-specific anxiety is becoming recognized. However, most of these studies insufficiently accounted for other emotional and behavioural problems and the potential value of reducing this on a wide range of outcome is not yet clear.
Risk Factors for Prenatal Stress Disorders
The risk factors for prenatal depression and anxiety disorders are similar to those seen for these conditions at other times. Both depression and anxiety are moderately heritable with heritability estimates ranging between 0.35 and 0.70 depending on the age it is measured (Nivard et al. 2015). No specific genetic loci specifically associated with anxiety or depression during pregnancy have been identified, while postnatal depression, in contrast, may be shaped by unique genetic risk factors. Also, it is likely that the degree of heritability of anxiety and depression depends on environmental factors, in more disadvantaged environments depression seems to depend less on genetic predisposition. Further, there is evidence that transgenerational transmission occurs due to non-genetic risk factors including intra-uterine exposures. A previous history of depression or anxiety is one of the most important risk factors of prenatal depression and anxiety. The psychosocial stresses of becoming pregnant are likely to be the trigger in those who have experienced these disorders before and are vulnerable to relapse. There is no evidence for a specific vulnerability to prenatal anxiety or depression that might be triggered through a biological mechanism such as raised cortisol. Psychosocial stresses including socioeconomic deprivation and lack of social support particularly relationship stress are known risk factors and the lack of social and practical support at this time may be particularly relevant. A history of abuse, intimate partner violence and substance misuse are also important risk factors for perinatal mental health problems in general including prenatal depression (Howard et al. 2014). A history of sexual abuse is a known risk factor for depression in general but may be a more specific risk in the prenatal period where intimate examinations and associations with earlier trauma and worry about protecting their offspring from abuse coalesce as stressors.
Summary
It is clear that prenatal stress is measured in different ways from exposure to natural disasters through perception of the stress caused by adverse events to manifestations such as depression and anxiety. It is common largely because depression and anxiety are common in women of childbearing age and may be rising. These disorders are of particular importance at this time because of their consequences for the developing child. For decision about treatment, it is useful to have diagnostic criteria and thresholds, but for the purposes of epidemiological studies, a measure reflecting the continuum captured in symptom scores is often appropriate. Pregnancy-specific anxiety is distinct from depression and anxiety, and although not yet a recognised clinical disorder has important and independent consequences. Recognition, treatment and prevention are likely to lead to considerable benefit for future generations.
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Introduction
Each year, many children are born to mothers who experience prenatal maternal stress. Prenatal maternal stress is a broad construct that can include exposure to natural disasters or stressful life events, as well as symptoms of depression and/or anxiety during pregnancy. Despite the relatively high prevalence rates of such symptoms and mental health problems in pregnant women, prenatal care with respect to mental health and emotional well-being lags behind the extensive progress made with obstetrical care and physical health over the past century (Glover 2014). This is important since the prenatal period confers a specific risk to the developing fetus that can have long-lasting consequences for the development of the child (Barker et al. 2011a, b; DiPietro 2012; Dipietro et al. 2018; Graignic-Philippe et al. 2014; O’Connor et al. 2002a, b; O’Donnell et al. 2014a; Pawlby et al. 2009; Pearson et al. 2016; Rice et al. 2010). There is increasing evidence from both large-scale community samples and clinical samples that prenatal maternal stress, depression and anxiety are risk factors for a range of altered child developmental outcomes including cognitive development and mental health difficulties from early childhood to adulthood (Gelaye et al. 2016; Herba et al. 2016; Madigan et al. 2018; Stein et al. 2014), as well as an accelerated life history. Some of the underlying biological mechanisms such as altered brain structure, the role of the hypothalamic-pituitary-adrenal (HPA) axis, the placenta and epigenetic changes are starting to be understood.
Associations between prenatal maternal stress and some aspects of altered child development can be plausibly explained as evolutionary responses to increased external threat. Further, natural selection can be used to explain differential vulnerability in the child to prenatal maternal stress. While it is well established that various forms of prenatal maternal stress increase the risk for an altered outcome for the child, it is becoming clear that most children are not affected. Those children who are affected are likely affected in different ways, due to a number of possible factors such as genetic vulnerability and postnatal environment.
In this review, we will provide an overview of the associations between prenatal maternal stress and child outcome, factors affecting differential vulnerability and the mechanisms underpinning such associations. We will frame these effects within the context of evolutionary theory and will discuss the possible adaptive reasons for the variety of outcomes for the child after exposure to prenatal maternal stress. The evolutionary perspective discussed in this chapter has been discussed and adapted from other work including Glover (2011, 2021) and Glover and Hill (2012). We will also discuss the nature of the stress itself, its timing during gestation and how biological and environmental differences in the mother and the child could differentially affect their response to prenatal maternal stress. The more we understand these differences, the better we will be able to tailor suitable interventions. An evolutionary perspective may also open new avenues for research.
Fetal Programming
Since the early 1990s, with the framing of the Barker hypothesis (Barker 1998), the prenatal period has been identified as a critical window by which the long-term development of the fetus and the child could be affected by the in utero conditions. Barker and colleagues found that birth weight was a predictor for later susceptibility to death by coronary heart disease, as well as the development of metabolic syndrome (Barker 1998). Much work in the last three decades has confirmed these findings and has started to uncover some of the underlying mechanisms of such prenatal programming in both animal models and humans. How well the baby grows in the womb can affect its later susceptibility to environmental conditions.
From an evolutionary perspective, fetal programming can be considered to be a ‘predictive adaptive response’ (Gluckman et al. 2005; see also Hill et al. 2019). These predictive responses may be ‘plastic decisions made by the embryo/fetus/neonate in response to how it interprets the current environment as a predictor of the future one’ (Gluckman et al. 2016, p. 88). Such predictive adaptive responses are how the developing fetus adapts for future advantage and optimal development within a predicted later environment, rather than solely for immediate survival. When the predicted environment is similar to the actual environment, there should be an adaptive advantage, but in the case of a mismatch between the predicted and actual environments, there may be increased risk of adverse consequences for the offspring (Hill et al. 2019). An example of this can be seen in the case of low birth weight. For the small, thin baby, the ‘thrifty phenotype’, the fetus may detect a nutrition-lacking in utero environment, and the fetus becomes programmed to be ‘metabolically economical’. For those babies where the postnatal environment is inconsistent with the detected in utero environment (where there is a mismatch characterized by a food-rich postnatal environment), the developing child’s metabolism is not well adapted, and so he/she may become overweight. Babies born with a low birth weight who demonstrate greater levels of catch-up growth as children are at greater risk for developing the metabolic syndrome later including heart disease later in life (Eriksson et al. 1999).
The intergenerational transmission of prenatal maternal stress to the child has more recently been found to be as important as fetal growth for the developmental origins of health and disease (DOHaD). Prenatal maternal stress, depression and/or anxiety can alter neurodevelopment in animals and humans (Austin et al. 2005; Buss et al. 2010, 2011; Charil et al. 2010; Dunkel Schetter 2011; Dunkel Schetter and Tanner 2012; Kinsella and Monk 2009). The manner in which the fetus responds and develops following exposure to prenatal maternal stress is also linked to differences in the risk for other chronic illnesses such as asthma (O’Donnell and Meaney 2017). However, fetal programing does not imply that such changes are necessarily irreversible. There is evidence that for certain outcomes, fetal programming effects can be mitigated by the postnatal environment, including by attachment or parenting. For instance, the finding that in utero levels of cortisol are inversely associated with infant cognitive ability was shown to be counteracted by a later secure attachment (Bergman et al. 2010) (see also Chap.13 “Prenatal Programming of Postnatal Plasticity”).
Animal Studies
Research in animals has provided convincing evidence that prenatal maternal stress can affect offspring development, reaching even to the grandchild generation (for review, see Hamada and Matthews 2019; Weinstock 2008, 2017). Weinstock (2017) concludes that an abundance of experimental data shows that different types of maternal stressors in rodents can replicate some of the abnormalities in offspring behaviour observed in humans. These include behaviours that represent phenotypes of anxiety, depression and pathology associated with schizophrenia. In rodents, prenatal maternal stress has also been associated with smaller litter size and reduced birth weight. Cross-fostering studies of newborn rat pups have shown a causal association between stressing the pregnant dam and offspring cognitive and behavioural development, brain structure and functioning as well as reproductive behaviour (Weinstock 2008, 2017). Increasing evidence points to the involvement of various epigenetic processes including histone modifications, DNA methylation and small non-coding RNAs (Hamada and Matthews 2019).
In rhesus monkeys, prenatal stress has been shown to have long-term neurodevelopmental effects on the offspring (Schneider et al. 2002). In several species, postnatal maternal care has been found to buffer some negative effects of prenatal stress on offspring outcome (Del Cerro et al. 2010; Weaver et al. 2004).
In many animal studies, it has been shown that prenatal maternal stress can increase the stress responsiveness of the offspring’s hypothalamic-pituitary-adrenal (HPA) axis functioning, such as increased cortisol or corticosterone responses to physical and psychological stress in adult offspring (Brunton and Russell 2010; de Catanzaro 1988; Frye and Orecki 2002a, b; Lee et al. 2007; Paris et al. 2011; Patin et al. 2005; Pratt and Lisk 1991). In a rat model, there is evidence that prenatal maternal stress can affect behavioural and brain development in the offspring, at least partly through the HPA axis, including prolonged exposure to corticosteroids during gestation and reduced glucocorticoid receptors in the brain of the offspring (Maccari et al. 2003). Further, the effects of prenatal maternal stress can be mimicked by injecting corticosterone into rodents and blocked by adrenalectomy. This animal work has informed the focus of much of the human work on the HPA axis. A heightened reactivity of the HPA axis in response to in utero exposure to prenatal maternal stress could potentially be adaptive if the offspring were born into a threatening or dangerous environment and may underlie increased vigilance and anxiety that may be important for survival.
Human Studies: Effects of Prenatal Stress on Child Outcome
Prenatal maternal stress can increase the risk for a range of different outcomes in the child, the adolescent and later adult. Some studies have shown that infants exposed to prenatal maternal stress can have a more difficult temperament (Buthmann et al. 2019; Nomura et al. 2019), be harder to soothe, and sleep less well (Simcock et al. 2019). Children exposed to prenatal maternal stress have been found to be at risk for more symptoms of attention-deficit/hyperactivity disorder (ADHD), conduct disorder, and anxiety and depression (O’Connor et al. 2002b; O’Donnell et al. 2014a; Pawlby et al. 2009) as well as more cognitive problems and do less well at school (Pearson et al. 2016). Exposure to prenatal maternal stress has also been linked to an increased risk of autism spectrum disorder (Kinney et al. 2008) and increased risk of schizophrenia in adulthood (Guo et al. 2019; Khashan et al. 2008). Prospective, longitudinal analyses suggest these effects can persist through adolescence into early adulthood and are of a magnitude to be of clinical and public health relevance (Betts et al. 2015; O’Donnell et al. 2014a; Pearson et al. 2013).
Prenatal maternal stress and maternal cortisol levels have been associated in some studies with altered HPA axis reactivity in the child, as well as altered basal levels of cortisol. For example, in a UK study of 106 pregnant women, 49 with a major depressive disorder (MDD) and 57 healthy controls, infants who were exposed to prenatal maternal depression demonstrated a heightened cortisol response to immunization at 12 months of age (although this was not seen at the earlier age of 2 months) (Osborne et al. 2018). However, findings for such associations are complex and are likely to be influenced by multiple factors, including the age at which the child is tested (Glover et al. 2010). There is little evidence that changes in the child’s function of the HPA axis underlie many of the other changes found.
Prenatal maternal stress has also been shown to be linked to various adverse outcomes, other than neurodevelopmental. Elevated risk of alterations to the immune system (Hahn et al. 2019), asthma (Cookson et al. 2009), being mixed handed (where handedness is known to be formed in utero) (Rodriguez and Waldenström 2008) as well as alterations in the pattern of the microbiome (e.g. meconium) (Hu et al. 2019) in offspring have been associated with such prenatal exposure. The microbiome (discussed later in this chapter as well as in Chap. 8 “The Microbiome-Gut-Brain Axis”) is increasingly recognized as having an influence on mental health (O’Mahony et al. 2017).
Aspects of an individual’s life history, more specifically the occurrence and timing of various stages in the life cycle such as birth and the ages at which puberty, reproduction and death occur, can be affected by the early environment and are also consistent with an evolutionary perspective (Glover 2021). Prenatal maternal stress has been found to increase the risk of early delivery (Buffa et al. 2018), preterm birth (Wadhwa et al. 2011), age of menarche (Duchesne et al. 2017) and telomere length (Entringer et al. 2013) (which is associated with the duration of the lifespan).
Evolutionary Perspective
Many of these findings are consistent with an evolutionary perspective. In the animal kingdom, or for our ancestors, stress can be due to real external danger, such as the threat of a predator. Increased anxiety and heightened vigilance, and readily distracted attention, can help to quickly detect danger cues and as such can be protective (see also Glover 2021). Behaviour such as conduct disorder can be associated with a rapid aggressive response that can serve to quickly deal with physical danger. Individuals with autism spectrum traits may have specific skills and abilities that serve to increase neurodiversity and which may prove beneficial for the well-being of the group. In some situations of danger or threat, it may help to have a heightened biological stress response. In situations of external danger, which makes the pregnant mother feel stressed, it may also be of adaptive value to accelerate the life cycle of the offspring, to enable them to be born and reproduce earlier.

Thinking about the evolutionary significance of the effects of prenatal stress may lead to new questions pertaining to the nature of the observed outcomes and may have relevant implications for treatment. For instance, if increased anxiety might be protective, then the specific nature of the anxiety, in those whose mothers experienced prenatal stress, may be especially associated with an increase in vigilance. The term anxiety encompasses many phenotypes, and thus, it is important to gain a better understanding about its specific nature in these children or adults.
Sex Differences
A number of studies have highlighted the importance of considering the sex of the fetus/child when studying the associations between prenatal maternal stress and child outcome (Clifton 2010; Glover and Hill 2012). Many animal studies have shown that prenatal stress affects male and female offspring differently. Glover and Hill, in their review, report that studies have generally indicated prenatal maternal stress to be associated with symptoms such as depression, anxiety and stress responses in females whereas males appear to be more affected in their cognitive outcomes such as memory and learning (Glover and Hill 2012). Another recent review of sex differences in relation to prenatal maternal stress has reported that sex-specific effects were strongest for outcomes such as neural development and infant temperament (see Sutherland and Brunwasser 2018).
Research to date indicates that sex-specific effects of prenatal maternal stress are likely to depend on what outcome is assessed and at what age. Hicks et al. (2019), in their recent review, highlight how sexually dimorphic responses to prenatal maternal stress may have their roots very early in development, with sex differences evident in how the placenta responds to stress (including placental gene expression differences seen for male versus female fetuses), as well as findings suggesting that females might be more vulnerable to HPA axis dysregulation as a result of stress exposure (Hicks et al. 2019). For instance, studies in animals (e.g. rodents) and in humans have reported that the placental enzyme 11b-HSD2 (which helps to convert maternal cortisol to the less harmful form of cortisone) and glucocorticoid receptor (GR) expression may operate differently for female fetuses compared to male fetuses exposed to prenatal maternal stress or other forms of maternal adversity (e.g. nutritional deficiency). Hicks et al. (2019) highlight how early sex differences underlying fetal programming mechanisms may contribute to later sex differences in psychopathology. Rosenfeld (2015) has also suggested that compromised placental functioning as a result of prenatal maternal adversity or stress may place males at greater risk for later cardiovascular and neurological disorders compared to females (Rosenfeld 2015). However, in their study in humans, O’Donnell et al. (2012) did not find any sex differences for the association between prenatal maternal anxiety and downregulation of the placental enzyme 11b-HSD2 (O’Donnell et al. 2012).
Studies with follow-up in infants or young children also show sex differences in prenatal programming. A UK study examined the effects of prenatal anxiety and low birth weight for gestational age in relation to vagal tone and withdrawal at age 29 weeks (Tibu et al. 2014). Findings indicated effects were moderated by sex, such that girls with lower birth weight for gestational age had higher vagal reactivity whereas lower vagal reactivity was seen among boys exposed to prenatal maternal anxiety (Tibu et al. 2014). Laplante and colleagues also found sex differences in response to prenatal exposure to the 2011 Queensland Flood study, where boys were more likely to display autism spectrum traits although this was moderated by genotype where effects were seen for the LL genotype of the 5-HTTPLR polymorphism of the serotonin transporter gene (Laplante et al. 2019). Hill et al. (2019) assessed prenatal anxiety and depression (assessed mid-gestation) in relation to child irritability and behaviour at 7 years. They reported that prenatal anxiety in conjunction with low tactile contact with the infant (e.g. assessed through stroking behaviour) was associated with increased irritability, but only in girls (Hill et al. 2019). Together, these studies demonstrate the importance of considering sex differences in fetal programming as well as the important role of the placenta in such sex differences (see also Chap. 10 “Sex-Specific Impacts of Prenatal Stress”).
Evolutionary Perspective
Such sex differences in the fetal programming of later mental and physical health outcomes can be viewed as differentially adaptive for males and females. Darwin highlighted how sex differences, particularly the competition among the males for the females, were central to evolutionary theory (Gluckman et al. 2016). According to Darwin, competition and aggression are particularly important for males to increase their opportunities to reproduce. Females, on the other hand, invest their efforts in caring for offspring. Gender differences consistent with this theory have also been seen in pre-industrialized humans where, in the context of threat, females prioritize caring for children whereas males may seek out additional mates (Quinlan 2017). The sex differences that have emerged from studies pertaining to the HPA axis and the autonomic nervous system in response to stress are also consistent with such theory. More specifically, greater levels of stress reactivity in females may result in greater vigilance and protection of offspring, whereas lower HPA axis reactivity, associated with greater aggression in males, may mean greater reproductive success. As such, these mechanisms may be considered adaptive for males and females in different ways (Glover 2021).

Different Types of Stress
Studies on child outcome have examined the effects of several different types of stress. It is notable that quite a wide variety of conditions, under the broad umbrella term of stress, have similar effects. The stresses studied range from the severe stress of losing a first-degree relative (Class et al. 2014) to the mild stress of daily hassles (Huizink et al. 2002). The children of mothers exposed while pregnant to the stress of a severe ice storm in Canada have been found to be at increased risk of adverse cognitive, emotional, behavioural and motor outcomes, as well as physical problems such as asthma (King et al. 2012). A similar range of problems has been found in children exposed to raised prenatal self-reported symptoms of anxiety and depression (O’Connor et al. 2002a, b, 2003; O’Donnell et al. 2014a). MacKinnon et al. (2018), using data on over 10,000 children in the Avon Longitudinal Study of Parents and Children (ALSPAC) cohort, found that prenatal stressful life events were associated with elevated externalizing behaviours from 6 to 16 years of age in the offspring, independent of maternal symptoms of anxiety and depression.
These similar effects of a wide range of different types of stress presumably reflect common underlying biological mechanisms, including altered function of the HPA axis and the immune system (Glover 2015). However, there may also be differences. Although depression and anxiety are often comorbid, they are not the same and can have some different aspects of underlying biology.
Thus, an important issue that requires further examination is whether the type of prenatal maternal stress confers a specific or differential vulnerability for the fetus, pregnancy outcome and the child. Some symptoms such as depression and anxiety are intricately linked to the context in which they occur, are partly due to genetic vulnerability and may be considered ‘endogenous’ variables. Other types of stress such as exposure to natural disasters can be considered ‘exogenous’ variables, which occur in a more unpredictable manner and are not usually linked to the context of that individual’s risk state including genetic vulnerability for stress reactivity, depression and/or anxiety. It has been suggested that prenatal maternal stress due to exposure to external disasters is a more ‘objective’ form of stress (King et al. 2012).
Although prenatal symptoms of depression and anxiety are often co-morbid, and many studies have found altered child outcome to be associated with either or both, some studies have found more associations with symptoms of anxiety than depression. For example, O’Donnell et al. (2017), using data from the large ALSPAC population sample, found that prenatal symptoms of anxiety but not depression interacted with child genotype of COMT to predict child working memory and ADHD (O’Donnell et al. 2017). O’Donnell et al. (2012) also found that prenatal symptoms of anxiety but not depression were significantly associated with a downregulation of the placental enzyme 11b-HSD2 (O’Donnell et al. 2012). In contrast, Blakely and colleagues (2013) reported that symptoms of depression rather than anxiety were associated with a downregulation of placental MAO A (Blakeley et al. 2013). However, given that both of these studies had relatively small sample sizes, there is a need for replication of such differential effects of anxiety and depression on the placenta.
Several studies have found that pregnancy-related anxiety in particular, rather than general anxiety, is associated with various aspects of altered outcome. It has been reported that pregnancy-related anxiety, such as concerns about the pregnancy and fear of giving birth, might be particularly salient for child neurodevelopmental outcome (Buss et al. 2011). One study reported that pregnancy-related anxiety (mean score over pregnancy) was associated with executive functioning in 9-year-old girls (Buss et al. 2011). Other studies have associated pregnancy-related anxiety with the microbiome pattern in the infant’s meconium (Hu et al. 2019) and the methylation of cord blood GR receptor (Hompes et al. 2013). It is not clear why this should occur. We do not know why some women are especially anxious about the outcome of their pregnancy, being worried both for themselves, including the experience of labour, and for their child. It would be interesting to know whether there are any associations between pregnancy-related anxiety and their own experience of early childhood trauma.
Recent investigations, particularly studies pertaining to natural disasters, have also highlighted that the woman’s cognitive appraisal of the impact of prenatal stress may play a significant role in the extent of the impact in relation to child development (Moss et al. 2017). Cognitive appraisals of the severity of the Canadian ice storm were linked to DNA methylation in adolescent offspring, across a variety of genes, some of which were related to immune function (Cao-Lei et al. 2015). Another study examined the impact of prenatal exposure to Superstorm Sandy in New York state on developmental trajectories of child temperament (Zhang et al. 2018). With a sample of 318 pregnant women, results indicated that among those children exposed to Superstorm Sandy in utero, children of women with higher severity of post-traumatic stress disorder (PTSD) symptoms had altered trajectories of temperament characteristics (e.g. activity level) from age 6 to 24 months (Zhang et al. 2018). A series of studies have also examined the impact of in utero exposure to the World Trade Center attacks on September 11, 2001, with one such study more specifically examining earlier exposure (mainly in the first trimester of pregnancy) to the WTC attacks (Engel et al. 2005). The authors reported associations between post-traumatic stress symptoms and longer gestational duration (similar results emerged for depression symptoms). Further, post-traumatic stress symptoms were associated with reduced head circumference at birth (Engel et al. 2005) (see also Chap. 18 “Natural Disasters and Pregnancy”).
Evolutionary Perspective
If a mother feels stressed while she is pregnant, there is clear evolutionary value in altering the development of her fetus and future child to be adapted to an external environment of danger. The mother’s own biology changes in response to her stress, and presumably there are common biological changes in many different types of stress, which underlie their similar effects. Some studies have found a dose response effect, which is also consistent with an evolutionary perspective. The more stress the mother feels, the more important it is for her child to be able to survive in this environment. It is less clear why symptoms of depression should have a similar effect. While depression is also a stress-related disorder, its evolutionary role and underlying biology might be different, potentially functioning to conserve energy or elicit immediate support (Glover 2011). It may not have the same role in causing predictive adaptations in the child. More research is needed to determine this.

Timing of Exposure and Child Outcome
The timing of prenatal exposure to maternal stress can be important for different outcomes (DiPietro et al. 2002; Glover et al. 2004; Glynn et al. 2001; King et al. 2009, 2012; O’Connor et al. 2002a, b, 2003). The prenatal period represents a series of critical windows of vulnerability whereby the effects of timing depend on the specific outcome assessed and when brain development concerned with the outcome is at its most vulnerable (see Van den Bergh et al. 2017).
Timing of exposure to natural disasters, such as an earthquake experienced early in pregnancy, has been linked to lower gestational age at birth (Glynn et al. 2001). These authors found that mothers rated the earthquake as more stressful when it occurred early in pregnancy compared with the final trimester of pregnancy and further that such early pregnancy stress was associated with shorter gestational length. Exposure to severe stress in the first trimester, such as an earthquake in China (Guo et al. 2019), the Dutch Hunger Winter (Susser et al. 1996) and the death of a close relative (Khashan et al. 2008), has been found to be a risk factor for later schizophrenia. This makes sense as the migration of neurons is altered in schizophrenia, and this takes place in the first trimester.
In contrast, exposure to natural disasters in mid- to late gestation has been associated with higher risk of autism (Kinney et al. 2008; Walder et al. 2014). In many studies of neurodevelopmental or behavioural outcomes, stress, anxiety or depression in mid- to late gestation has been found to have effects. For example, in several of the ALSPAC studies, where psychometric assessments were made at 18 and 32 weeks’ gestation, raised scores at either or both time points were found to be associated with emotional and behavioural outcomes (e.g. O’Connor et al. 2002b).
An Australian pregnancy cohort study (RAINE study) was designed to study early life events and subsequent health and behaviour of offspring in approximately 3000 women recruited in their second trimester of pregnancy. A recent follow-up of male offspring (n = 643) from this study at the age of 20 years was conducted more specifically to examine whether prenatal exposure to maternal stressful life events was associated with male reproductive health (Brauner et al. 2019). Findings indicated that men who were exposed in utero to stressful life events early in pregnancy (e.g. up to 18 weeks’ gestation) were more likely to have lower total sperm count, and there was a trend for such exposure to stressful life events to be associated with reduced progressive motility and morning serum testosterone levels. Findings are consistent with animal research highlighting associations between prenatal maternal stress and effects on male reproductive function (García-Vargas et al. 2019).
Why Are Children Affected Differently? Genetic Vulnerabilities
While many children are exposed to prenatal maternal stress, most children are not affected. Among those children who are affected, outcomes are diverse demonstrating that children respond to prenatal maternal stress in different ways.
O’Donnell and colleagues demonstrated, within the ALSPAC cohort and adjusting for multiple relevant confounding variables, that children of mothers with elevated symptoms of anxiety or depression in pregnancy were at increased risk of a probable mental disorder throughout childhood (4–13 years of age) (O’Donnell et al. 2014a). Children whose mother demonstrated elevated prenatal anxiety symptoms (top 15% at 32 weeks’ gestation) had nearly double the risk for a probable mental health disorder at age 13 years (12.3% vs. 6.8%). Thus, the large majority of children were not affected in this way by prenatal maternal stress.
This differential vulnerability of children to prenatal maternal stress is due, at least in part, to differences in the child’s own genetics, with gene-environment interaction occurring (O’Donnell and Meaney 2017). Several studies have demonstrated that genes associated with HPA axis activity (such as FBPK5, NR3C1 and HSD11B2) moderate associations between prenatal maternal stress, depression and/or anxiety and child outcome (Luijk et al. 2010; Paquette et al. 2014; Velders et al. 2012). Another reported an interaction between prenatal maternal affective disorders and variation in the FKBP5 gene for altered epigenetic patterns in newborns (e.g. cord blood methylation) (Duis et al. 2018). The serotonin system is another important candidate to consider since it very much implicated in brain development, stress reactivity and affective disorders such as depression (Miller et al. 2013). There is some evidence that associations between prenatal maternal stress and child outcome are moderated by a polymorphism of the serotonin transporter gene (5-HTTLPR) (Green et al. 2017; Pluess et al. 2011; Wankerl et al. 2014). Laplante et al. (2019) reported a modifying role of the 5-HTTPLR polymorphism for the association between prenatal maternal stress and autism spectrum traits; child sex also affected associations (Laplante et al. 2019). However, another study did not report any such moderation effect (Braithwaite et al. 2013). A Canadian study of 179 mother-child dyads found that prenatal maternal depression (in mid- to late pregnancy) was associated with negative child emotionality (up to age 3 years) and that this association was moderated by the 5-HTTLPR polymorphism (carriers of the S allele) and the DRD4 genotype (Green et al. 2017).
Within the GUSTO cohort in Singapore, Chen et al. (2015) studied associations between prenatal maternal anxiety in mid-gestation in relation to DNA methylation and early brain development in newborns and reported that the brain-derived neurotrophic factor (BDNF) moderated these associations (Chen et al. 2015). This is interesting given the role of BDNF in cell differentiation, neural development and synaptic plasticity. A study based on the ALSPAC cohort also found that genetic variants of BDNF modified the links between prenatal maternal anxiety and child behaviour, more specifically internalizing difficulties from age 4 to 15 years (O’Donnell et al. 2014b). O’Donnell et al. (2017) also reported that the catechol-O-methyltransferase (COMT) genotype in the child moderated associations between prenatal maternal anxiety (at 32 weeks’ gestation) and child behaviour (e.g. ADHD symptoms) between 4 and 15 years and cognition (e.g. working memory) at 8 years of age (O’Donnell et al. 2017). These results were obtained in the large-scale ALSPAC cohort and replicated in a smaller sample from a separate cohort (N = 425).
Gene environment interactions, for example, those reported in the two O’Donnell studies, accounted for a small amount of variance, suggesting that multiple genes are likely to be involved. O’Donnell and Meaney (2017) have suggested that future studies might consider a cumulative index of genetic vulnerability, through considering the role of polygenic risk scores, based on results of studies on depressive disorders and genome-wide associations. One such study, conducted by Qiu et al. (2017), examined the associations between prenatal maternal depression and infant brain development (Qiu et al. 2017). They studied the moderating effects of genetic vulnerability to depression using a polygenic risk score and found that such genetic vulnerability moderated associations between prenatal maternal depression and child brain structures (e.g. amygdala, hippocampus) implicated in affective disorders.
Evolutionary Perspective
Such findings of differential genetic vulnerability are consistent with the idea of natural selection, a central component of Darwin’s theory of evolution. Natural selection is closely linked to genetic variation within a population, and such change in heritable traits over generations as an adaptive response to the environment is thought to be critical for survival and reproduction.

Underlying Mechanisms
Animal research has shown that the HPA axis is one of a number of plausible mechanisms explaining how prenatal maternal stress can affect offspring outcome, and it is one of the more widely studied biological mechanisms by which prenatal maternal stress affects child outcome in humans (Rakers et al. 2017). Prenatal maternal stress, depression and/or anxiety may impact the developing fetal HPA axis, thereby increasing the child’s postnatal vulnerability and reactivity to stress during its lifetime and further increasing the child’s vulnerability to subsequent mental health difficulties later in life (Glover et al. 2010; Herba et al. 2016; Lupien et al. 2009; Meaney et al. 2007; O’Donnell et al. 2009; Palma-Gudiel et al. 2015; Zijlmans et al. 2015b). The HPA axis changes during pregnancy, and circulating CRH and cortisol levels increase dramatically in the third trimester compared to non-pregnant women (Duthie and Reynolds 2013; Lockwood et al. 1996; Magiakou et al. 1996; Margioris et al. 1988). The maternal HPA axis becomes much less sensitive to stress as pregnancy progresses, and some studies have found little or no correlation between stress and maternal cortisol levels in later pregnancy (see Bleker et al. 2017), while others have found levels of prenatal maternal depression (e.g. as assessed using trajectories of symptoms) to be associated with maternal cortisol (as assessed via hair cortisol concentration) (Mustonen et al. 2019). However, maternal stress may still be associated with greater fetal exposure to cortisol, independent of the maternal HPA axis response, due to an alteration in function of the placenta.
The placenta has a key function in prenatal programming of maternal stress (Charil et al. 2010; Egliston et al. 2007; Monk et al. 2016; O’Donnell et al. 2009, 2012). The placenta forms a protective barrier between the mother’s cortisol and the fetus. To protect the fetus against the effects of elevated circulating cortisol, the placenta expresses the enzyme 11beta-hydroxysteroid dehydrogenase-2 (11b-HSD2), which converts cortisol into inactive cortisone (Draper and Stewart 2005). Prenatal stress has been found to be associated with a downregulation of this enzyme (O’Donnell et al. 2012), thus potentially allowing more cortisol to pass from mother to child. It has also been shown that with increasing levels of anxiety, the correlation between maternal and amniotic fluid cortisol significantly increases (Glover et al. 2009), supporting this mechanism of increased placental permeability. Placental glucocorticoid receptors (GR) are involved in regulating genes relevant for the serotonin signalling pathway and other hormones implicated in fetal development. Studies have shown that aspects of prenatal stress and symptoms of depression and anxiety are associated with an upregulation of placental GR expression (Capron et al. 2018; Räikkönen et al. 2015) (see also Chap. 4 “Prenatal Programming in the Fetus and Placenta”).
How much of these alterations in placental gene expression and any possible associated function are directly associated with altered child outcome remains largely to be determined. Exposure to higher levels of cortisol can impact gene transcription, with the effect of altering the developing fetal HPA axis and rendering the child vulnerable to stress over the lifetime, and may also influence the child’s neurobehavioral development (Lupien et al. 2009).
The mother’s own level of cortisol may also be important, as there is a correlation between maternal and fetal levels, especially with higher levels of maternal anxiety (Glover et al. 2009). There is some literature to support links between maternal cortisol and infant negative emotionality (Braithwaite et al. 2017) and cortisol reactivity at 12 months (Osborne et al. 2018). However, a systematic review has not provided consistent support for maternal cortisol to mediate the association between prenatal maternal stress and child outcome (Zijlmans et al. 2015b). A large-scale Dutch Generation R (n = 2546) study showed that prenatal maternal psychopathology and stress assessed in the second and third pregnancy trimesters were not associated with offspring hair cortisol concentration (HCC) at age 6 years, which is a marker of biological stress response over a few months, but rather with cortisone concentration (Molenaar et al. 2019). The authors noted that this might be a more sensitive measure of HPA axis activity compared to cortisol. This should be investigated in future studies.
Evidence linking depression to pro-inflammatory cytokines suggests that this might also prove to be a mechanism linking prenatal maternal stress and child outcome (Veru et al. 2014). Elevated levels of cytokines have been linked to fetal neurodevelopment and development of placental trophoblast cells early in pregnancy (see De Weerth 2018). One study in the UK examined both cortisol and inflammatory markers in 106 women (49 women were diagnosed with major depressive disorder and compared to 57 control women) (Osborne et al. 2018). Cortisol and inflammatory markers were assessed in the second and third trimesters, and infants were followed from birth to age 12 months. Women with depression had elevated inflammatory markers (interleukin (IL)-6, IL-10, tumour necrosis factor (TNFα) and vascular endothelial growth factor (VEGF)) compared to control women during pregnancy; they also had increased diurnal cortisol response and blunted cortisol awakening response (CAR). Cortisol reactivity in infants was assessed before and after immunization at 2 and 12 months of age, and results indicated higher cortisol reactivity in infants of depressed mothers at 12 months (but not at 2 months of age), which held even after adjusting for postnatal maternal depression symptoms. Finally, correlations were reported between mothers’ prenatal biological stress response (e.g. higher evening cortisol and inflammatory markers) and cortisol after immunization in 12-month-old infants. It is thought that prenatal maternal stress could be linked to immune function through certain lifestyle behaviours, such as altered sleep patterns (De Weerth 2018) (see also Chap. 7 “Immune Models and Mechanisms”).
Emerging research is beginning to provide evidence for associations between prenatal maternal stress and alterations in the brain structure of the child. A recent investigation including participants from the Canadian Ice Storm study reported that prenatal maternal stress was associated with offspring externalizing difficulties at age 11 years and that amygdala volume mediated such associations, with effects differing for boys and girls (Jones et al. 2019). Other follow-up studies have linked prenatal maternal stress to offspring brain development, with evidence for exposure to be associated with reduced cortical thickness in 7-year-old offspring (particularly in frontal and temporal regions) (Davis et al. 2020). The biological signals from the mother that cause these alterations in fetal and child brain structures are not yet known, but exposure to glucocorticoids such as cortisol is one such plausible mediator (see also Chap. 9 “Prenatal Programming of Neurodevelopment: Imaging and Structural Changes”).
Epigenetic Effects
Epigenetic changes, such as DNA methylation of genes, affect the extent to which a certain gene is expressed or not. Epigenetic patterns can persist through life, although they can also be reversed. There is also some evidence that they can persist across generations, reaching even the grandchild generation, as reported in one study examining DNA methylation in children whose grandmothers experienced intimate partner violence during pregnancy (Serpeloni et al. 2017). Recent studies have highlighted that this may also comprise a mechanism by which prenatal maternal stress affects fetal development and offspring outcome (Cao-Lei et al. 2015; see also Monk et al. 2012). The glucocorticoid receptor (GR) for cortisol (NR3C1) has been considered in previous work examining DNA methylation in relation to prenatal maternal stress (see Palma-Gudiel et al. 2015). A meta-analysis of seven studies in humans examining DNA methylation of the GR NR3C1 found evidence of a significant correlation with prenatal maternal stress, which was specific to the CpG site 36 (Palma-Gudiel et al. 2015). The studies included in that meta-analysis varied in how prenatal stress was operationalized with some studies focusing on prenatal stress (e.g. intimate partner violence, war stress through assessing trauma) while others considered prenatal depression (such as those assessed using the Edinburgh Postnatal Depression Scale or via clinical records and interviews) and prenatal anxiety (such as pregnancy-related anxiety). The timing of the stressor also varied depending on the study as well as the tissue sampled (e.g. cord blood, whole blood, placenta, buccal swabs and saliva samples). These factors can all influence methylation patterns (see also Chap. 5 “Epigenetic Effects of Prenatal Stress”).
Evolutionary Perspective
Epigenetics is a process whereby rapid change is possible and in the case of fetal programming may help the fetus respond quickly to a changing environment. It is also reversible in some cases, as has been demonstrated with the postnatal environment. Such epigenetic effects could operate in addition to the much slower evolutionary mechanisms of mutation and natural selection (Glover 2021).

The Microbiome
The microbiome has sometimes been referred to as ‘the second brain’, and recent work has linked neurodevelopment and mental health to gut health (see Warner 2019). This is a new and rapidly developing field of research, but there is some evidence linking high levels of prenatal maternal stress (maternal reports and/or maternal salivary cortisol) and alterations in the microbiota of 52 Dutch infants (up to 110 days following birth) (Zijlmans et al. 2015a). Prenatal pregnancy-related anxiety has also been found to be associated with the microbiome pattern in the baby’s meconium (Hu et al. 2019).
Ethnicity
Ethnicity may moderate associations between prenatal maternal stress and alterations in the placenta and the child. Since ethnicity also reflects genetic variations in different populations, it has been considered a relevant factor to examine differential vulnerability in relation to prenatal maternal stress. One UK study (n = 83) found that prenatal maternal anxiety symptoms were associated with increased expression of the placental NR3C1 gene, whereas prenatal life events were associated with decreased HSD11B2 expression, but both these effects were only seen among Caucasian women (Capron et al. 2018). No such effect was observed in the non-Caucasian women (mainly South Asian women). Such interaction between prenatal maternal stress and ethnicity for placental gene expression suggests that fetal susceptibility to prenatal maternal stress may differ in relation to ethnicity. Teh et al. (2014), using cord blood from the GUSTO cohort, examined genotype, ethnicity and other factors in relation to epigenetic variation in the newborn. Results indicated that associations between genotype and methylation were stronger in their multi-ethnic sample (N = 234; Chinese, n = 131; Malay, n = 72; Indian, n = 34) although associations were still present when examined only within a subgroup of Chinese participants (Teh et al. 2014).
Maternal Factors
Several maternal factors can also affect child outcome. These can be both biological and environmental and both prenatal and postnatal. Women differ in their response to external stress, presumably in part due to their own genetic makeup. This has not yet been studied in relation to the effects of prenatal stress. The mother’s own experience of early trauma has been examined. It is associated with raised symptoms of anxiety and depression in the perinatal period (see Gelaye et al. 2016). It has also been shown to affect child outcome, such that one study reported that mothers who experienced childhood maltreatment had newborn babies with smaller brain volume, independent of her symptoms of prenatal anxiety or depression (Moog et al. 2018). The mechanism for this is not known but could be associated with alterations in her immune system affecting the function of the placenta.
While it is difficult to disentangle the influence of maternal stress and other such symptoms from the context in which it occurs, there is also literature indicating that low socio-economic status may moderate associations between prenatal adversity (for instance, assessed by low birth weight) and child behavioural outcomes (Bohnert and Breslau 2008). A recent review has shown that maternal prenatal symptoms may be related to child outcome through lifestyle and health-related behaviours such as sleep, diet and exercise (De Weerth 2018). This review highlights how further study in this area is needed, including examination of sex differences in offspring.
It is important to consider the postnatal environment when studying the impact of prenatal stress, depression and/or anxiety on later child outcome. Prenatal maternal stress can influence child development through postnatal parenting and/or continued symptoms. A recent meta-analysis provided evidence that prenatal maternal anxiety was associated with a twofold increase in the odds of postnatal depression within 6 months of the child’s birth (Grigoriadis et al. 2018). Huizink and colleagues have found that pregnancy-related anxiety and trait anxiety assessed prenatally (but not prenatal state anxiety nor depression) predicted parenting stress 3 months after birth (Huizink et al. 2017). Other recent work, based on data from nearly 2000 Canadian mother-child dyads, has shown that prenatal maternal stress was associated with child internalizing and externalizing behavior at 5 years of age, but both through continued maternal stress symptoms (at 4 months postnatal age) and through infant temperament (Hentges et al. 2019). The authors proposed that a ‘cascading effect’ of prenatal maternal stress is likely involved in affecting child outcome.
Breastfeeding can also play a role in affecting child outcome, especially IQ. Buck and colleagues found associations between prenatal maternal stress such as exposure to stressful life events (e.g. more than four stressful life events) and decreased initiation of breastfeeding (Buck et al. 2018). Similarly, a meta-analysis found that prenatal maternal anxiety was associated with reduced odds of breastfeeding (Grigoriadis et al. 2018). Since breastfeeding has been associated with a range of infant growth and cognitive abilities, this could be one potential mechanism by which prenatal maternal stress can affect the developing child.
In addition to the associations between prenatal maternal stress and anxiety and later parenting stress as described above, the quality of the relationship between the mother and her baby can also mitigate the effects of prenatal stress on child outcome. A secure mother-child attachment may buffer the effects of prenatal stress (Bergman et al. 2010) for some child outcomes, while insecure attachment may exacerbate effects (Bergman et al. 2008).
Together, these studies highlight the importance of also considering the postnatal environment. This might mitigate or exacerbate associations between prenatal maternal stress and child outcome, so such factors could prove to be interesting intervention targets in future investigations (see also Chap. 12 “Gestational Stress and Parenting”).
Evolutionary Perspective
In evolutionary terms, it has been suggested that the predictive adaptive response may mean that a child exposed to prenatal stress may do better than others in a postnatally stressful environment (see Glover and Hill 2012; Hill et al. 2019). This is an interesting idea and may depend on what stress and which outcomes are being examined. O’Donnell et al. (2014a) found that the effects of prenatal anxiety or depression and postnatal anxiety or depression on later child mental health were additive. The child exposed to both fared worse.

Global Implications
Most of the research on prenatal stress has been carried out in high-income countries. It is important to carry out more studies in low- and middle-income countries where the majority of today’s children live and where prenatal stress, anxiety and depression levels can be higher (Herba et al. 2016). There can also be political instability or war and elevated rates of intimate partner violence (Gelaye et al. 2016; Glover et al. 2018; Herba et al. 2016). In these contexts, it is likely that the effects of prenatal maternal stress are sometimes heightened given a range of additional risk factors that are present such as malnutrition and higher rates of some diseases (e.g. malaria, HIV) (Glover et al. 2018).
Challenges and Future Research
Although there is much we do not understand about the effects of prenatal maternal stress on fetal and child development, several consistent findings are already clear. First, several types of prenatal stress (i.e. anxiety, depression, various types of stress exposure) can alter fetal development and can contribute to mental illness. Further, different types of stress often occur together (e.g. depression and anxiety) and may also be linked to genetic vulnerability or the environment in which they occur. Other stress exposures (e.g. natural disasters) may represent more independent or objective stressors. We do not yet know whether these different types of stress are associated with outcomes in different ways. However, there is some suggestion that anxiety might be linked to offspring outcomes to a greater extent than depression and also that the more specific nature of the anxiety (e.g. pregnancy-related anxiety) is important to study. Thus, it is also important to measure the sub-types of prenatal stress such as anxiety. Second, timing of exposure is important to consider. For instance, studies indicate that in early pregnancy, exposure to natural disasters has been found to be associated with lower gestational age at birth and increased risk of schizophrenia and reported stressful life events have been linked to poorer male reproductive health. Other findings have indicated that prenatal exposure to maternal stress during mid- or late gestation has been associated with increased risk of autism, alterations in DNA methylation and infant brain development. While there can be different consequences for offspring outcome depending on the timing of exposure during gestation, some effects are found all through gestation. Third, there is ample evidence that sex differences moderate associations between prenatal maternal stress and offspring outcome. This is clear from both studies in animals and in humans. Results can be different between males and females, and such sex differences are likely to arise due to placental mechanisms. Fourth, it is important to remember that while many children are exposed to prenatal maternal stress, most of the children are not affected. Those children who are affected can be affected in different ways, depending on both their own genetic susceptibility and the nature of the postnatal environment. To date, it appears that multiple genes are implicated. It may be that considering a cumulative index of genetic vulnerability, for instance, by studying the role of polygenic risk scores, could prove to be a promising way of testing such complex gene-environment interactions, as suggested by O’Donnell and Meaney (2017). The postnatal environment plays an important role in the long-term associations between prenatal maternal stress and offspring outcomes. More positive environments such as those characterized by maternal sensitivity or secure attachment have been shown to mitigate associations between prenatal stress and child outcomes, whereas insecure attachment may exacerbate these effects. Finally, there is a growing body of studies demonstrating that a number of interconnected systems probably work together (e.g. placenta, HPA axis, microbiome and epigenetic regulation). Further research is needed to elucidate these complex pathways and associations. Prospective longitudinal studies in humans, which incorporate both biological and psychosocial variables during the prenatal as well as postnatal period, are necessary.
Important challenges relate to overlapping maternal stress, depression and anxiety and disentangling the specific contribution of such symptoms from inherited influences (O’Donnell and Meaney 2017). It is likely that a number of biological mechanisms interact with one another in response to prenatal maternal stress and that these might be differentially affected by genetic vulnerability. To adequately study such effects, large sample sizes along with rich biobanks including relevant (prospectively collected) biospecimens are necessary. A further challenge to disentangling the effects of prenatal maternal stress on child outcome concerns the coping strategies a mother might use as well as overlapping stress, depression and/or anxiety symptoms (MacKinnon et al. 2018). Finally, it can be difficult to separate out the influence of the symptoms per se from the context in which they occur and further, as the same factor can potentially act as a confounder, a moderator or even a mediator in the long-term associations between prenatal maternal stress and child outcome (e.g. see Herba et al. 2016).
Clinical Implications
It is important that health professionals who look after pregnant women become more aware of the importance of prenatal stress on child outcome. It is not only a diagnosed mental illness that is important, but also symptoms of anxiety and depression, and a range of different types of stress, including that caused by a difficult or abusive relationship with her partner. Pregnancy-related anxiety is common but is often not asked about. Early trauma, even with no symptoms in the current pregnancy, can also affect the developing fetus and future child.
A better understanding of which types of symptoms might be most salient for child outcome, in relation to the timing of their occurrence, can help to inform on screening strategies and developing prevention or early intervention initiatives. It will be important to examine whether treating prenatal anxiety or depression can mitigate the negative consequences of such symptoms on later child development by disrupting the chain of psychosocial and biological pathways. Such knowledge could help to better understand the causal nature of the associations (see Davis et al. 2018). To date, research on interventions for prenatal stress, depression and/or anxiety, particularly with regards to longer term follow-up of the child, is still in the early stages (Glover 2014). While there have been promising results from recent emerging studies examining the roles of mindfulness strategies, music, yoga, talk therapy (including telephone-based approaches) as well as cognitive behavioral strategies during the perinatal period, longer-term follow-up studies are needed to determine whether targeting such prenatal symptoms can have long-lasting positive effects for the child. This would also provide further evidence to determine the extent of prenatal programming of such symptoms. Such knowledge will be important for health care professionals working with pregnant women, as well as family members and partners (Van den Bergh et al. 2017).
Conclusion
Much research is emerging to help us better understand the long-term associations between many types of prenatal stress and a variety of child outcomes, together with the underlying mechanisms. The prenatal period represents a series of critical windows whereby a mother’s mood during pregnancy can have long-lasting associations with the development of her child. It is likely that multiple biological and psychosocial pathways interact, spanning the prenatal and postnatal periods and influencing differential vulnerability.
An evolutionary perspective can help to explain many of these findings, together with the predictive adaptive response. The mechanisms of fetal programming have been shown in many species of animals, where the stress experienced by a pregnant dam is often due to real physical external threat and danger, as from a predator. This was likely to be the case with our human ancestors also. Much of the biology associated with responses to psychological stress, anxiety or depression is similar to responses to external danger, which may be why we find that various types of prenatal stress are affecting our children today, but in ways that are maladaptive in a modern environment. Many of the changes observed in children, such as increased anxiety and vigilance, increased aggression and increased stress response, could help to detect, respond to and eliminate a threat from physical danger and enable the offspring to survive better and reproduce in such an environment. Individual differences in the responses of different children enable the population to maintain a variety of coping mechanisms. There can be evolutionary explanations for different responses of the two sexes and differences in individual responses to prenatal stress for the benefit of the group. An accelerated life history, with earlier birth and reproduction, could also help to enable survival. The mechanisms of epigenetics help to enable the responses of both parents and offspring to react to a changing environment.
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Introduction
Lifetime mental health risk is set in motion before birth. Barker’s Developmental Origins of Health and Disease (DOHaD) hypothesis, or “Prenatal Programming” asserts that developmental programming prepares offspring for conditions outside of the womb by fetal and placental adaptations to environmental factors during the embryo’s development. This body of work considers the role of maternal factors on fetal development and function, including psychological and physiological aspects of maternal stress and distress such as HPA-axis and immune functioning, negative mood, and symptoms of anxiety and depression, often discussed under the broad umbrella term “prenatal stress” (PS). Growing preclinical, clinical, and epidemiological evidence indicates that the developing brain and central nervous system are more susceptible to structural “programming” effects during critical periods of rapid growth – such as the prenatal period – and that PS may confer risk by initiating an altered fetal neurodevelopmental trajectory that can subsequently set probabilistic parameters for future brain and behavior development (Monk et al. 2019). This research has led to the elaboration of the fetal origins of neurodevelopmental disorders model. Some researchers have estimated that fetal exposure to PS accounts for as much as 15% of the attributable risk for adverse mental health outcomes (Glover 2015). Over the last several decades, researchers have shown that PS is associated with negative outcomes in infancy, childhood, and adolescence, including shortened gestation, lower birth weight, inhibition and withdrawal, increased anxiety, difficulty coping with negative emotions, poor self-control, lower verbal IQ, and learning difficulties.
Despite increased interest and investigation into fetal origins of neurodevelopmental disorders, the biological pathways by which PS exerts a lasting effect are only beginning to be identified. Extensive neural formation and circuit organization occurs during the prenatal period, along with the ultrasound-observable physical growth and organ maturation of the fetus. As in postnatal life, the interplay of inherent genetic programs and genetic predispositions coupled with a wide range of environmental exposures, shapes individual differences in neurobehavioral trajectories. This assertion of fetal origins of future development, including future mental health, commenced in part with the 1930s Fels study that examined the effects of maternal smoking on fetal behavior and development (DiPietro et al. 2015). In the years since the Fels study, methods for assessing fetal neurobehavior have advanced, allowing for increasing examination of prenatal programming in relation to PS at the time the influence is thought to occur. In the first section of this chapter, we review current techniques for assessing fetal neurodevelopment (including fetal physiological monitoring and neuroimaging assessments), and we highlight findings linking PS, fetal neurobehavior, and postnatal neurodevelopment.
Accumulating evidence suggests a mechanistic role of the placenta in prenatal transmission of risk for neuropsychiatric illness. In the next section of the chapter, we describe several physiological and molecular mechanisms by which PS may affect fetal brain development through alteration in placenta functioning including the integrity of the protective transplacental barrier for nutrient and oxygen exchange, placental endocrine action, and epigenetic effects.
Adding to the complexity of prenatal programming, many prenatal exposures appear to have sex-specific effects on offspring development and health. We will describe hypothesized mechanisms for differential effects by sex as well as variations in outcomes related to the timing of gestational exposure. Finally, we highlight challenges to the overall scientific findings and future directions for this line of DOHaD research.
Prenatal Programming: Focus on the Fetus
Overview of Fetal Studies
The foundation of the prenatal programming literature can be found in vanguard studies on fetal physiology and behavior dating back to the 1930s, especially in the work of the Fels Longitudinal Study, with an early focus on detecting individual differences in the fetal period and understanding associations between fetal differences and outcomes at birth, childhood, and throughout development (Sontag and Richards 1938). Around this time, physiologists and agricultural scientists began to examine the importance of the prenatal and in utero environment in establishing offspring growth and phenotype (Walton and Hammond 1938; Barcroft 1946). Attention devoted to the concept of “fetal programming” in these years laid the foundation for scientific study of the fetal environment as the staging ground for neurodevelopmental disorders.
Fetal origins research has generated an enormous body of data, yet there is a notable disparity between the nature of the data and the underlying assumptions. Although well-established and useful indicators of fetal nervous system development exist, relatively few studies have leveraged fetal neurobehavioral assessment to substantiate putative in utero alterations. Instead, evidence of prenatal influences on offspring development is most often based on associations between maternal experiences – such as PS as well as specifically depression and anxiety – and child neurobehavioral outcomes years later. Alternatively, investigators may rely on readily available variables related to birth outcome, such as gestational age at birth, birth weight, Apgar scores, or head circumference at birth, to provide an approximation of the impact of the in utero environment on fetal development. These birth outcome measures do not provide a “risky test” of the underlying hypothesis and can yield little information about developmental mechanisms that may explain the observed associations (Meehl 1978). Although PS research provides evidence of altered gestation and associations with long-term education and behavioral outcomes, research is needed to leverage a developmental approach to examine effects at the time of exposure and to identify PS effects on fetal nervous system development.
Fetal Neurobehavioral Development and Assessment
Historically, the newborn infant’s brain was viewed as a blank slate onto which new knowledge is passively written. Developmental science has fueled a substantial revision of our understanding of the newborn infant as an active “scientist in the crib,” with complex neural processing pathways that collect, evaluate, collate, prune, and consolidate neurosensory inputs in an ongoing effort to grow and change her own brain (Gopnik et al. 1999). Converging evidence from multiple disciplines points to the functional continuity between prenatal and postnatal periods, and shows that the young scientist originates neither at term nor with birth (Prechtl 1984).
Like other developmental stages, development during the fetal period progresses along a continuum, becoming increasingly more organized, complex, and varied. Development during the embryonic and earlier fetal periods is more highly canalized than later development, and as gestation progresses, variation in fetal neurobehavioral expression becomes more pronounced. The fetus’ neurobehavioral repertoire has been argued to function as an important contributing factor underlying the development of neural pathways (Hepper 1992), as an example of experience-dependent or experience-expectant neural development (Greenough et al. 1987). In this way, a gene × environment × development interaction begins in the fetal period and can amplify deviations from typical developmental trajectories even before birth.
Fetal Physiological Monitoring
Assessment of fetal neurobehavior typically centers on four measures, fetal heart rate (FHR) and fetal heart rate variability (FHRV), fetal motor activity (fetal movement; FM), and coupling (the coordination of fetal heart rate and motor activity). Fetal behavior, such as the detection of and responsiveness to stimulation, and behavioral states, such as the observation of quiet and active sleep states, also have been used as additional parameters. For over seven decades researchers have studied these indices of fetal physiological functioning (for review, see DiPietro et al. 2015). Working models of fetal neurodevelopment typically accept that the predictable patterning of these fetal indices over the course of pregnancy parallels and reflects the growth of the developing fetal nervous system (Martin Jr. 1978). Within this avenue of research, the term “neurobehavior” has been used to describe aspects of basic human functioning that are phenotypic expressions of the processes that underlie the development and expression of autonomic and behavioral regulation (DiPietro et al. 2015). Since the autonomic nervous system (ANS) is involved in the regulation of nearly all organs, including the heart, the measurement of cardiac autonomic control, represented by FHR and FHRV, provides relevant information on functional nervous system development. A large body of evidence shows that the sympathetic and parasympathetic branches of the fetal ANS develop differentially during the second half of pregnancy. Appropriate ANS control requires the central nervous system (CNS) to be able to process and integrate afferent neural information and direct an appropriate efferent neural (autonomic) response. For fetal autonomic control to be effective, a level of maturation of both afferent and efferent divisions of the CNS is required, as is innervation of the heart tissue. These nerves must be able to generate active neurotransmitters, and the effector organ must have suitable receptors that will enable it to react to these neurotransmitters. Additionally, the sympathovagal neural activity must be synchronized and integrated by the sinus node to achieve the reciprocal effect of increasing or decreasing FHR (Karin et al. 1993). Beginning around 30 gestational weeks (GW), the pronounced influence of sympathetic control becomes increasingly outbalanced (Ohta et al. 1999). And as a result, more efficient ANS modulation of heart rate is observed as gestation progresses to term, reflected in decreasing FHR and increasing FHRV and cardiac-motor coupling (Dalton et al. 1983).

Trans-abdominal acquisition of fetal echocardiogram (ECG) provides a non-invasive and inexpensive way to evaluate fetal cardiac rhythms. This allows researchers to use fetal physiological monitoring to characterize the adaptation and individual developmental trajectory of the CNS in the fetus. Typically, 30–50 minutes of fetal monitoring using electrodes applied to the mother’s stomach are required to detect within individual stability, and measure variations associated with discrete fetal behavioral states that begin to emerge around 36 GW and may reflect the development of REM and non-REM sleep states. There is evidence of rank-order stability of FHRV over gestation, suggesting continuity in individual differences in brain development are detectable during pregnancy (Nijhuis et al. 1999; DiPietro et al. 2007). Additionally, by comparing typically progressing pregnancies to those characterized by obstetric complications (e.g., intrauterine growth restriction, diabetes), or neurodevelopmental abnormalities (e.g., anencephaly) researchers have identified deviations in fetal indices that reflect these conditions (Yoshizato et al. 1994; Nijhuis et al. 2000).
Fetal Neuroimaging
Fetal neuroimaging began in the 1950–1970s with fetal electroencephalography (EEG) collected during labor and delivery (Anderson and Thomason 2013). Initially, electrodes were placed on the maternal lower abdomen or cervix, with electrical resilience from the mother’s skin, muscles, and amniotic fluid weakening the signals produced by the fetal cortical activity. Later, the development of suction cup electrodes allowed researchers to affix electrodes directly to the fetus’s scalp after the rupture of the amniotic membranes. This provided researchers more confidence in acquiring continuous recordings from the same brain area and reduced electrical resistance and disturbance of the spatial and temporal characteristics of collected fetal cortical activity. Today, despite advances to EEG technology over the past few decades, the use of fetal EEG continues to be limited by difficulties detecting and differentiating fetal brain activity from electrical activity generated from maternal abdominal and uterine muscles.

Beginning in the 1980s, the development of magnetoencephalography (MEG) and magnetic resonance imaging (MRI) provided researchers with new tools to further the study of fetal brain development and function (Sheridan et al. 2010). MEG records the magnetic fields corresponding to electrical currents in biological tissue. However, in contrast to direct electrical recording of currents, magnetic signals are not distorted by the different layering of biological tissues and bones. This provides MEG an advantage over EEG in detecting fetal signals from the surface of the mother’s skin. Modern MEG multichannel systems function with highly sensitive SQUID sensors (Superconducting Quantum Interference Devices), and specialized fetal MEG systems are known as the SARA (SQUID Array for Reproductive Assessment). With MEG, brain processes can be studied with relatively good temporal but a limited spacial resolution (Vrba et al. 2004). The use of ultrasound to determine fetal positioning, directly before and after MEG acquisition of fetal activity, can improve the reconstruction of fetal signal sources. A second limitation of the SARA is that it permits recording from only one cerebral hemisphere at a time. Since the development of MEG, researchers have used the SARA to investigate spontaneous fetal brain activity. However, most fetal MEG studies to date have focused on recording cortical evoked responses to auditory stimuli. The goal of this line of research is to better understand early developmental precursors for cognitive functions underlying habituation and learning, frequently assessed using the investigation of fetal visual or auditory event-related brain responses (AER), such as the mismatch negativity (MMN), which index the ability to detect changes and respond to deviations from regularities. For AER like MMN, a decrease of latency is interpreted to be a marker of the maturation and integrity of functional fetal brain development. Longitudinal fetal MEG data suggests that 66% of fetuses begin to exhibit MMN between 28 and 39 GW (Draganova et al. 2007). Another fetal MEG study of AER has shown evidence of prenatal learning of speech-like auditory stimuli, with greater activity being associated with a greater amount of prenatal exposure, as well as generalization of learning to other types of similar speech sounds not included in the training material (Partanen et al. 2013). The implication of these findings are that (1) the fetal brain is highly plastic and receptive to environmental stimuli, including the auditory environment before birth; (2) auditory experiences during the fetal period can induce changes in neural plasticity of speech processing, which may, in turn, have an important influence on the development and organization of the central auditory system and affect an individual’s later abilities of speech perception and language acquisition.
The second advanced fetal imaging tool researchers have used increasingly since the 1980s is MRI. MRI uses a magnetic field and radiofrequency pulse to align magnetically active nuclei (i.e., protons) and then knock the nuclei out of alignment. As the nuclei recover their alignment, they emit a radio signal that is converted into an image. In this way, MRI can generate detailed images depicting fetal brain anatomy. T1-weighted MRI generates a number of parameters of individual brain characteristics, including voxel-wise, regional, and global gray matter (GM) and white matter (WM) volumes, volumetric data for subcortical regions, cortical thickness, and cortical surface area. T2-weighted MRI provides information about myelin content and white matter integrity in regions of interest and fiber tracts. Two complementary modalities allow researchers to study fetal brain connectivity with MRI: diffusion (dMRI) and functional MRI (fMRI). dMRI detects signals that are sensitive to the diffusion of water molecules along different directions; dMRI data can be used to compute the probabilistic distribution of axonal orientations, which are then combined with tractography techniques to establish structural connectivity across brain regions. fMRI measures changes in brain activity associated with blood flow. Because cerebral blood flow and neuronal activation are coupled, fMRI establishes connectivity by mapping the synchronization of blood-oxygen level-dependent (BOLD) signals at different brain locations.
MRI studies on typical fetal brain development have advanced our knowledge on the rapid maturational changes of developing and transient fetal brain structures (Prayer et al. 2006). This body of work provides a foundation for understanding atypical fetal brain development and prenatal origins of risk for psychopathology. Recent MRI research has fostered a growing awareness of the fact that more subtle developmental disturbances of gyral folding or white matter development may lead to neurodevelopmental disorders (Takahashi et al. 2012). Du Plessis, Limperopoulos, and colleagues have leveraged MRI studies to investigate and describe the timetable of cortical development in the typically developing fetal brain between 25 and 35 GW, drawing attention to the accelerated, nonlinear gyrification and sulcal development after 28–30 GW as an important developmental milestone (Clouchoux et al. 2012). A growing body of work using MRI to evaluate long-term developmental outcomes suggests PS is associated with changes in morphology and neurodevelopmental trajectory of the offspring’s brain. Specifically, studies assessing PS effects in middle childhood (6–9 years old) have linked high levels of maternal distress (anxiety and depression) in the second trimester (and not in the first or third) to a reduction in offspring gray matter volume (Buss et al. 2010; Sandman et al. 2015). A separate investigation showed maternal retrospective report of stressful events during pregnancy is associated increased gray matter volume in early adolescents (11–14 years old) in the parietal cortex (McQuaid et al. 2019). Also, high levels of maternal stressful life events in the second trimester have been associated with precocious white matter tract development in the uncinate fasciculus at 6–9 years old (Sarkar et al. 2014). These results – namely, reduced gray matter at 6–9 years old, increased gray matter at 11–14 years old, and precocious white matter at 6–9 years old – have been interpreted as signs of altered neurodevelopmental trajectory induced by PS. Reduced gray matter and precocious white matter at 6–9 years old can be interpreted to indicate aberrant accelerated brain maturation induced by PS. In contrast, increased gray matter at 11–14 years old can be interpreted to indicate a developmental lag in cortical development induced by PS. These studies suggest the timing of maternal distress in the second trimester may have a differential impact on neurodevelopmental trajectories (See also Chap 9. Imaging and Structural Changes).
However, the studies reviewed here lack assessment of putative altered fetal development associated with maternal distress. Fetal dMRI (Huang and Vasung 2014) and fMRI (Anderson and Thomason 2013) have provided a new level of access to the developing brain by enabling researchers to test whether putative altered or aberrant neural development can be observed at the time of exposure to PS. Recent fMRI research has demonstrated that individual differences in the human connectome emerge during fetal development (Thomason et al. 2013). These studies provide additional evidence using fetal neuroimaging methodology that the in utero environment plays an important role in shaping neurodevelopment and add to the growing body of work on developmental pathoconnectomics, an area of research focused on the events leading to and outcomes from disrupted brain connectivity development (Jakab 2019). A recent study from Thomason and colleagues has used fMRI to show for the first time an association between fetal sensorimotor brain system functional connectivity and infant postnatal motor ability (Thomason et al. 2018). Specifically, findings suggest increased connectivity in late pregnancy (mean age of 33.1 GW) between early motor networks (including regions of the motor and sensory cortices, cerebellum, thalamus, posterior cingulate cortex, and striatum) and areas that support sensorimotor function (particularly prefrontal regions, the posterior cingulate, and supplementary motor regions) was associated with greater infant motor ability at age 7 months. Decreased connectivity between early motor network and regions of the anterior cingulate, insula, and lateral cerebellar regions was also associated with greater infant motor ability at age 7. The authors interpret these findings as evidence that more advanced motor development in infancy is predicted by greater fetal specialization of neural systems, characterized by enhanced signal coherence to relevant regions and reduced connectivity to potentially superfluous regions. These results speak to the importance of fetal neuroimaging work investigating how functional integrity of neural systems prior to birth may predict future development and behavioral outcomes and set the stage for later variation in ability.
Until recently, MRI was not widely used due to safety concerns. Unlike other imaging methods, MRI does not involve radiation, which can directly kill cells or cause genetic mutations. Pregnant women cannot be scanned if they have metal devices or implants. However, primary safety concerns for the fetus include risk due to exposure to magnetic fields or radiofrequency pulse, or to increased heat or noise caused by the MRI. In addition to animal studies examining these concerns (for review, see Saunders 2005), several follow-up studies of children exposed to fetal MRI have been carried out. Although no significant adverse effects have been discovered, the US Food and Drug Administration (FDA) requires labeling of MRI scanners to indicate that the safety of MRI for the fetus has not yet been established. Given these unknowns, historically researchers have not used MRI to study typical brain development until after GW18, when the major steps of organ production and development are complete.
Currently, the most significant technical challenge to using MRI to study fetal brain development is motion. In life threatening situations, the use of a sedative can reduce fetal motion; however, this is not a practical approach for general use. Instead, the ongoing development of faster imaging and motion correction techniques are essential to advancing fetal MRI methodology. Technological and scientific advances over the past two decades have fueled dramatic progress and technical advances of imaging capabilities.
Finally, in terms of scientific challenges that researchers using MRI techniques face, because of the rapid pace of fetal brain maturation, developmental changes that can be detected with fetal MRI occur on the order of weeks or even days. To fully leverage fetal MRI to study how PS may alter brain development, an increased understanding of temporal and regional variability of events in typical brain maturation is needed.
Fetal Neurobehavior and Associations with Later Outcomes
Research collaborations and the integration of knowledge from multiple disciplines, including obstetric, developmental psychobiology, and neuroscience research has been essential to establishing parameters of fetal neurobehavior as indicators of fetal nervous system development as well as predictors of postnatal outcomes. Research has shown there is significant continuity between fetal and infant neurobehaviors, suggesting that PS not only influences neurodevelopment of the fetus but impacts outcomes after birth. The existing literature is relatively small but has consistently demonstrated prenatal to postnatal continuities in neurobehaviors, including motor behaviors (patterns, movements, reflexes) and resting heart rate, and heart rate variability. As reviewed elsewhere (DiPietro et al. 2015), predictability from the prenatal to the postnatal period can reflect both conservation of a similar attribute (e.g., prenatal activity level to postnatal activity level) and cross-domain associations (e.g., prenatal activity level to postnatal difficult temperament), which may share another underlying attribute (e.g., regulatory control) but are expressed by different behavioral manifestations.
One of the first studies to show evidence of continuity from pre to postnatal life was the Fels Longitudinal Study, which related greater fetal motor activity and more optimal motor development at 6 months after delivery. This finding was partially replicated by a recent study showing greater fetal motor activity was associated with more optimal motor development and reflexes in newborns (DiPietro et al. 2010). Other studies have also shown FHR remains associated with heart rate parameters after birth, through 12 months (Lewis et al. 1970; DiPietro et al. 2000), such that fetal cardiac measures together with maternal physiologic measures (blood pressure and oxygen saturation) explained 40% and 48% of the variance in heart rate and variability, respectively, at one years old. FHR is also associated with heart rate parameters at age 10 (Thomas et al. 1989), such that low fetal heart rate during labor (below 120 beats/min) was associated with a significantly lower heart rate at age 10 compared to children whose fetal heart rate had remained between 120 and 160 beats/min. These results accounted for fetal asphyxiation, maternal blood pressure, and method of pain relief during labor, suggesting that some fetuses with a low heart rate may not be exhibiting fetal distress but, rather, may have an inherent tendency to exhibit relatively slow heart rates that persists into childhood.
Several investigators have shown significant associations between FHR and FHRV and various outcomes in early infancy. For example, higher FHR has been associated with lower threshold to novelty (Snidman et al. 1995) and infant temperament and emotional tone (DiPietro et al. 1996a). Consistent with earlier findings, higher FHR change in response to stimuli also has been associated with greater motor reactivity to novelty in early infancy (Werner et al. 2007a). As reviewed previously, FHRV is considered an index of nervous system maturation as it results from and reflects parasympathetic and sympathetic innervation. FHRV also may reflect emerging individual differences in the functional development of the autonomic and central nervous systems related to later neurobehavioral maturity and outcomes, including those related to self-regulation and emotional responding. Lower FHRV has been interpreted as a sign of autonomic nervous system (ANS) variation and a decreased ability of the sinus node of the heart to respond to external signals. Lower FHRV is also conceptualized as a functional marker of underlying CNS vulnerability related to the reduced ability to adapt to environmental challenges that could have a persisting influence on offspring outcomes throughout development. In regard to research examining associations between FHRV and child development outcomes, higher FHRV and steeper developmental trajectories for this measure have been associated with positive postnatal outcomes at three years old, including higher levels of mental, psychomotor, and language development (DiPietro et al. 2007), symbolic play proficiency (Bornstein et al. 2002), and greater control of attention, emotion, behavior, and cognition (DeGangi et al. 1991; Porges et al. 1996). Greater FHRV and steeper developmental trajectories also are associated with greater self-regulation and more stable and positive moods (Porges et al. 1982) in later childhood.
Prenatal Stress and Fetal Neurobehavior
Differences in fetal indices, together and independent of maternal factors, have been used to predict offspring temperament (e.g., Werner et al. 2007b), cognitive, behavioral, and psychological development (e.g., Bornstein et al. 2002), and brain circuit development assessed shortly after birth (e.g., Posner et al. 2016). As fetal origins research rests on the premise that pregnant women’s experiences alter fetal development, researchers have also used fetal indices to examine deviations in fetal CNS development that are associated with measures of maternal physiological stress (HPA-axis functioning) and psychological distress (stress, negative mood, anxiety, depression) as evidence of these putative in utero processes. Findings within this literature are reviewed below.
In regard to measures of maternal physiological stress associated with differences in fetal neurobehavioral indices, research to date has primarily focused on measures of HPA-axis functioning, primarily salivary cortisol and corticotropin-releasing hormone (CRH). Studies have shown higher maternal cortisol is associated with greater amplitude and amount of third trimester FM (DiPietro et al. 2009), while higher cortisol at 15 GW predicted inadequate development of second trimester FM response to stimulation (Glynn and Sandman 2012). Higher third trimester CRH (from blood assays), which reflects placenta production that can be enhanced via maternal cortisol levels (Robinson et al. 1988; Goland et al. 1993) was associated with diminished habituation in the FHR response to a series of vibroacoustic stimulations (Sandman et al. 1999a; Sandman et al. 1999b). Our group has found higher third-trimester maternal cortisol and higher systolic blood pressure were associated with higher overall FHR (Monk et al. 2003). Although measures of maternal HPA-axis functioning and prenatal psychological distress measures have independently been associated with offspring outcomes, with few exceptions, researchers have failed to find an association between maternal stress hormones and measures of maternal psychological distress in human studies (for review see (Beijers et al. 2014). These findings point to the likelihood that, for human studies, cortisol does not function as an “emotion juice” by transmitting biological effects of psychological distress (Reynolds et al. 2013).
In regard to measures of maternal psychological distress associated with fetal neurobehavioral indices, research has focused on correlations between fetal indices and self-report measures of perceived maternal stress, negative mood, emotional intensity, symptoms of psychiatric disorders (depression, anxiety), as well as a comparison of fetuses of women with clinically significant levels of symptoms versus those of healthy controls. DiPietro and colleagues have shown greater perceived maternal stress at 20 GW, as measured on a Life Events Scale evaluating Hassles and Uplifts over the past 24 hours, was associated with lower levels of second and third-trimester FHRV (DiPietro et al. 1996b) and coupling of FM-FHR (DiPietro et al. 1996c). Low socioeconomic status also has been associated with lower second and third-trimester FHRV (Pressman et al. 1998). In another study, DiPietro and colleagues found that high emotional intensity (measured via a trait index) was associated with lower levels of FHR at 36 GW (DiPietro et al. 2002). In another study comparing women with and without clinically significant levels of depressive symptoms (as evaluated by the Beck Depression Inventory), the fetuses of women with depression showed a slower return to third-trimester baseline FHR following vibroacoustic stimulation applied to the women’s abdomen (Allister et al. 2001); notably, women with depression also reported significantly higher anxiety levels and took fewer prenatal vitamins during pregnancy. Another group has shown that higher anxiety at 35–37 GW (as measured on the Stait and Trait Anxiety Inventory; STAI) is associated with lower FHRV at 37–40 GW (Sjostrom et al. 2002). Taken together, these results suggest maternal distress is associated with lower levels of expected fetal measures, findings that have been interpreted as evidence that maternal distress alters fetal development in ways that mark a risk phenotype.
When examining associations between FM and maternal distress, findings are varied. One group comparing the fetuses of women with clinically significant levels of depressive symptoms (as measured with the Center for Epidemiological Studies-Depression Scale) compared to those below this clinical threshold showed fetuses of depressed mothers spend more time being active than fetuses of nondepressed mothers during the fifth, sixth, and seventh gestational months, followed by a crossover effect in the eighth month whereby the fetuses of depressed women appeared less active and those of nondepressed women appeared more active (Dieter et al. 2008). As with findings from Allister et al. (2001), in this sample, women in the depressed group also reported increased symptoms of anxiety, underscoring a possible role of comorbid mood and anxiety symptoms. Similar findings showing a positive association between increased maternal anxiety (as measured by the State-Trait Anxiety Inventory) and increased FM between 36 GW and 38 GW have been reported by other groups (Field et al. 1985; Van den Bergh et al. 1989). DiPietro and colleagues have also shown greater maternal emotional intensity was associated with increased FM (DiPietro et al. 2002). In contrast, other groups assessing fetal neurobehavior at 38–40 GW have reported a negative association (Groome et al. 1995). Albeit speculative, it is possible that longitudinal investigations may show maternal anxiety associated with a trajectory of FM characterized by an increase nearing the end of gestation, followed by a decrease immediately prior to term, as suggested by results from Dieter and colleagues. Methodology differences may also account for the differences in findings as the Field et al. (1985) study relied on maternal self-reports of fetal movement, while fetal movements in Groome and Van den Bergh were observed and registered by a researcher with the use of ultrasound technology. In more recent work, including that of DiPietro and colleagues reviewed here, researchers have relied on ultrasound devices for automated detection of fetal motility (actigraph).
Importantly, several investigators have shown evidence that maternal distress may be associated with accelerated or enhanced fetal development. For example, the increased maternal negative mood is associated with greater fetal coupling (DiPietro et al. 2010; Doyle et al. 2015), which predicts more mature neural integration at birth (DiPietro et al. 2010). Higher maternal distress has been associated with advanced postnatal motor and cognitive development (DiPietro 2004; DiPietro et al. 2010). A higher frequency of pregnancy-specific hassels was also associated with increased FHRV at 36 GW (DiPietro et al. 2002). Concurrently, tested elevations in maternal cortisol have been associated with greater FM at 32–36 GW (DiPietro et al. 2009) and higher overall FHR at 36–38 GW (Monk et al. 2004). In a longitudinal design, our group has also shown that higher maternal cortisol is associated with varied results, including some indicators of accelerated fetal development (steeper increase in FHRV over gestation) including some aberrant accelerated development in line with fetal risk phenotype, especially for males (higher levels of FM-FHR coupling earlier in gestation followed by a slower increase in coupling over time) (Doyle et al. 2015). Overall, these findings showing associations between maternal stress and distress and positive fetal outcomes are in line with data from some animal models suggesting that exposure to mild to moderate stress is associated with enhanced learning abilities in offspring (e.g., Fujioka et al. 2001), as well as some theoretical models suggesting that prenatal stress may accelerate fetal development to reduce time spent in an adverse in utero environment and promote adaptation to the nonoptimal postnatal one to come (Glover 2011).
Maternal Emotional Reactivity and Fetal Neurobehavior
In addition to examining associations between indices of fetal neurobehavior and maternal self-report of distress, researchers have used evoked maternal stress using experimental paradigms to examine the proximal impact on fetal neurobehavior. Our group has shown a link between greater maternal anxiety levels and greater FHR reactivity when a woman was presented a stress-inducing task in the laboratory such as mental arithmetic or the Stroop Color-Word Test (Monk et al. 2000; Monk et al. 2003). The implication of these findings is that given evidence that the emotional status of a woman alters the intrauterine environment and impacts fetal neurobehavior in real-time, it is likely maternal experiences alter the course of early fetal neurobehavioral development during gestation.
Research on the psychophysiology of the maternal-fetal relationship shows associations between women’s acute emotional reactivity and/or chronic negative emotions and fetal neurobehavior, most often HR patterns. Reports on the association between manipulation of maternal state and fetal heart rate and behavior date back to the 1930s (Sontag and Wallace 1934; Sontag 1941). Prior to the era of Institutional Review Boards, one research report showed rapid increases in FHR associated with induced maternal stress, including maternal startles elicited by loud noises, and maternal anxiety elicited by leading women to believe their fetus was experiencing a lack of oxygen (Copher and Huber 1967). In the 1970s, research on pregnant monkeys showed rapid changes in FHR associated with maternal exposure to relatively minor psychological stressors (Myers 1975; Morishima et al. 1978). More recent research has suggested maternal traits may be an important aspect of the maternal-fetal psychophysiology. Inducing maternal distress, elicited by a tape recording of a crying infant, has been associated with a declarative (abnormal) FHR response in anxious, but not in non-anxious or depressed pregnant women (Benson et al. 1987). As noted earlier, an increase in FHR in response to cognitive challenge (the Stroop test) has been observed in fetuses of women with high, but not low trait anxiety (Monk et al. 2000) as well as depression. In turn, our group found that this pattern of greater FHR increase to maternal challenge was related to diminished resting-state functional connectivity between the prefrontal cortex and the amygdala.
The Essential Role of the Placenta in Prenatal Programming
The fetus is not alone in its development. One of the least understood and most transient human organs, the placenta, also is one of the most important. It is responsible for maintaining intrauterine homeostasis between the mother and the fetus. It supplies nutrients and oxygen, disposes of waste products, and produces hormones key for development. The placenta’s unique structure is comprised of both fetal and maternal cells, each with specific functions for fetal development (Fowden et al. 2008). The decidua, which is made up of maternal uterine and immune cells, mediates the immunological tolerance of the embryo (Arck and Hecher 2013). Trophoblast cells from the fetal part of the placenta synthesize and secrete endocrine factors into both maternal and fetal circulations. Trophoblast cells residing between the maternal and fetal vasculature control exchange of nutrients, oxygen, and waste via diffusion and macro- and micronutrient transporters (Rossant and Cross 2001; Georgiades et al. 2002; Watson and Cross 2005).
Stress and correlated aspects of the maternal environment, including over and under-nutrition, smoking, drug and alcohol intake, and infection, can negatively affect placental function at several levels. PS can alter gross placental morphology such as obvious changes in placental weight. PS can affect the integrity of the protective transplacental barrier, impacting nutrient and oxygen exchange and placental endocrine action (Jansson and Powell 2007). PS also can cause more subtle changes in placental gene expression that may result in altered transport of signals to the fetus. Together, these alterations in placental function can affect fetal neurodevelopment, and consequently, have long-term effects on offspring health and risk for neuropsychiatric disease.
Throughout this section, research on the placenta in animal models as well as in humans will be described. Although there are developmental and structural differences between the rodent and human placenta (as reviewed in Malassine et al. 2003), the major organization and functions are parallel (Georgiades et al. 2002). Rodent models are cautiously viewed as proxies for some aspects of human placental function, at least for generating hypotheses (Cox et al. 2009).
Nutrient Transfer
There are several ways in which maternal stress is hypothesized to affect nutrient transfer to the fetus through the placenta. PS, including chronic poverty and food insecurity, can lead to caloric restriction in pregnancy, which is associated with decreases in nutritional signals, including IGF-1, insulin, and leptin in the placenta. The signaling of insulin, IGF-1, and leptin receptors located in the placenta stimulates amino acid transporter activity in trophoblast cells (Lager and Powell 2012), integrating maternal nutritional status to placenta function and consequently affecting the availability of nutrients diffusing into the fetal circulation. These nutrients, including glucose, amino acids, and fatty acids represent essential nutrients for fetal growth, and deficiencies in these and other nutrients can affect fetal brain development (Devarshi et al. 2019).
Caloric restriction also can impair the placenta’s function by reducing oxygen transfer. Following maternal caloric restriction in the guinea pig, for example, the thickness of the trophoblast barrier between the maternal and fetal circulations is increased, and the surface area for exchange and density of fetal capillaries and/or maternal blood diminishes (Roberts et al. 2001; Soo et al. 2012; Hvizdošová-Kleščová et al. 2013; Higgins et al. 2016). Following exposure to low-iron or low-protein diets, or global nutrient restriction, placental fetal capillary length and the surface area also is reduced, and the architecture of the fetal vasculature and maternal blood spaces decreased (Lewis et al. 2001; Rutland et al. 2007; Schulz et al. 2012). Utero-placental vascular dysfunction can impair the bidirectional exchange of oxygen and carbon dioxide (Myatt 2006). Fetal hypoxia, oxidative stress (defined as a disturbance in the balance between the production of free radicals and antioxidant defenses (Sies 2000)) and altered amino acid availability from PS-induced vascular dysfunction can adversely impact cell survival and differentiation within the fetal brain. The relation between vascular function and nutrient delivery has been well established in uterine artery ligation models of placental insufficiency. Fetal hypoxia and oxidative stress in these models are associated with reduced hippocampal size, abnormal neural migration, and hypomyelination in the offspring (Lane et al. 2001; Reid et al. 2012; Basilious et al. 2015). PS also can lead to a behavioral coping strategy involving higher macronutrient intake and preference toward foods containing more carbohydrates and saturated fats, foods that often have fewer micronutrients (reviewed in Baskin et al. 2015). Such a diet lacks crucial nutrients for fetal growth. In addition, studies suggest that a diet high in fats and sugar could affect biology contributing to the development of depression, another potential exposure affecting fetal development (Sánchez-Villegas et al. 2011; Sánchez-Villegas et al. 2012; Vermeulen et al. 2017).
Above and beyond PS’ impact on maternal diet, animal models suggest that placental transport of nutrients might be directly compromised by PS because stress alters the structure and function of the placental transport region, particularly through the role of nutrient transporters. Transporter-mediated processes of nutrients reaching the fetal brain are influenced by the expression, localization, affinity, and activity of specific transporters in the placental plasma membranes as well as the materno-fetal concentration gradient across the placenta (Jansson and Powell 2006). Changes in any of these placental parameters can affect the extent to which required nutrients reach the fetus (Fowden et al. 2008).
Dysregulation of placental nutrient transporters has been demonstrated in animal models of PS (Mairesse et al. 2007; Mueller and Bale 2008), with consequences for the placenta’s ability to provide adequate nutrition to the fetus. Reduced fatty acid transport can cause an accumulation and subsequent oxidative stress (Jarvie et al. 2010). Fetuses also have a high demand for cholesterol in late gestation and reduced cholesterol uptake and transfer may affect the fetal brain at this critical stage of development (Yoshida and Wada 2005; Lindegaard et al. 2008). Long-chain polyunsaturated fatty acids comprise up to half of the neuronal membrane phospholipids in the developing brain and deficiency in these nutrients has been shown to result in altered neuronal membrane composition, neural inflammation, and long-term sensorimotor impairment in offspring in animal models (Fedorova et al. 2009; Madore et al. 2014). Animal models also have shown that placental expression of the glucose transporter (GLUT) family is particularly sensitive to PS (Mairesse et al. 2007, Mueller and Bale 2008). As GLUT1 is the predominant isoform in late pregnancy, PS may reduce glucose transfer to the fetus (Brett et al. 2014).
Immune Function and Insulin Signaling
Another group of candidate placental mediators of PS on infant neurodevelopment are immune system and inflammation processes, including proinflammatory cytokines, such as interleukin-6 IL6. Not only maternal infection during pregnancy but also PS and depression increases cytokines within the placenta (Bronson and Bale 2016; Miller and Raison 2016), which can impact the fetus through combinations of several proposed mechanisms: by (1) crossing the placenta and entering the fetal compartment directly, (2) affecting the placenta itself and causing placental inflammation and associated cytokine production, (3) creating fetal immune dysregulation (McCarthy 2019), or (4) inhibiting insulin action (Sykiotis and Papavassiliou 2001; Aguirre et al. 2002; Tanti and Jager 2009). The work of Paul Patterson and others established a link between infection during pregnancy and autism in offspring (Patterson 2011); however, a recent review by Bilbo and colleagues highlights that more research is required to understand the contributions of factors beyond infection, including maternal stress and maternal obesity, in the link between maternal immune activation and altered neural development (Bilbo et al. 2018).
Regarding cytokines’ inhibitory effect on insulin action, Bronson et al. recently demonstrated that the genetic perturbation of insulin receptor expression in mice was sufficient to disrupt stress sensitivity and prefrontal cortical development in male offspring but not in female offspring (Bronson et al. 2017). In male mice, knocking down the insulin receptor downregulated the expression of genes involved in placental synthesis and clearance of serotonin, an important molecule in neuronal development in the fetal brain. Excess cytokines in the placenta, through disrupting insulin signaling, could produce a similar effect. Although serotonin synthesis was not measured in the Bronson et al. study, these observations suggest that placental serotonin function could be involved in this insulin-related placental mechanism by which fetal brain development is disrupted. Altered placental serotonin synthesis was recently shown to drive abnormal development of serotonergic and other neuronal systems in the context of maternal inflammation during pregnancy (Goeden et al. 2016) (see below).
Given the array of disorders that have been associated with maternal perinatal inflammation including Schizophrenia (Canetta and Brown 2012) and Autism Spectrum Disorders (Careaga et al. 2017), is it likely that the specific cause of inflammation (i.e., in response to bacterial infection versus experienced stress), the timing of exposure, and other environmental and individual factors (e.g., offspring sex, genetic risk for a specific disease) interact and result in different processes leading from maternal immune activation to risk for a range of offspring psychopathologies. Recent reviews (Bilbo 2011; Depino 2017) underscore these issues by documenting that in animal models, the specific methodology used to elicit maternal perinatal inflammation often results in different symptomatology (See also Chap 7. Immune Models and Mechanisms).
Serotonin System
Serotonin is itself another possible mediator of PS-induced programming effects on offspring neurocognitive and behavioral development. During gestation, serotonin acts as a trophic factor regulating cell division, differentiation, and synaptogenesis in the fetal brain (Oberlander 2012). Animal studies show that increased serotonin exposure during gestation is associated with alterations in neuronal processes and subsequent changes in offspring behavior such as reduced locomotor activity, reduced social interaction, and impaired stress response (Shah et al. 2018). For many years it was believed that, prior to the point when the fetus is able to synthesize its own serotonin, the mother’s serotonin crossed the placental barrier to reach the fetus. Recently, however, it was shown both in a mouse model (Bonnin et al. 2011) and in humans (Deroy et al. 2013) that the placenta synthesizes its own serotonin de novo from the maternal tryptophan via the placental TPH-1 enzyme, suggesting a possible role for alterations in placental serotonin in human fetal programming.
Although more research is needed on the serotonin system in the placenta, increasing evidence points toward its role in placental/fetal programming for neuropsychiatric disorders.
The serotonin response pathway modulates behavioral and neuropsychological processes in adults, (Berger et al. 2009) and mechanistic data suggest that expression of serotonin receptor genes in the placenta may play an important role for infant neurodevelopment (Paquette and Marsit 2014). Serotonin shapes fetal brain circuits (Deneris and Wyler 2012) and is closely involved in the formation of the fetal HPA axis, with implications for stress response.
The importance of understanding the consequences of altered serotonin signaling in utero is highlighted by the increasing use of SSRI antidepressants to treat maternal depression during pregnancy. While animal models and mechanistic hypotheses have suggested impacts of altered levels of serotonin in utero on offspring mental health and neuropsychiatric disorder risk, it is important to note that serotonergic signaling per se has not been investigated electrophysiologically or neurochemically in intact brains of developing human fetuses. A recent review of the evidence by Brummelte et al. suggests that factors that alter serotonin levels in utero – including genetic, epigenetic, and environmental – should not be considered universally pathogenic or positive. Rather, understanding the impact of early changes in serotonergic signaling can provide insights to explain patterns of individual differences in childhood developmental risk and resilience (Brummelte et al. 2017).
Transplacental Barrier Permeability and Glucocorticoids
In addition to nutrient transport and endocrine production, a key function of the placenta is that of a protective barrier. Maternal PS, as well as depression or anxiety, may be associated with transplacental barrier permeability, which results in increased fetal exposure to cortisol, among other possible factors, and these in turn may influence fetal neurodevelopment.
Metabolizing enzymes in the placenta protect the fetus from excess glucocorticoids and amines (Brown et al. 1996; Nguyen et al. 1999), as well as teratogenic molecules. These barrier enzymes can be sensitive to PS. Maternal depressed or anxious mood has been associated with reduced placental expression of the glucocorticoid-inactivating enzyme, 11β-hydroxysteroid dehydrogenase type-2 (11βHSD2) in humans (O’Donnell et al. 2012; Blakeley et al. 2013), and chronic maternal stress in rodents has also been linked with reduced expression of this protective enzyme (Mairesse et al. 2007; Peña et al. 2012). A reduction in this placental barrier and resulting overexposure of the fetus to glucocorticords could impact ongoing development and cause fetal growth restriction as well as alterations in brain and HPA axis development (Seckl and Holmes 2007).
One possible pathway by which PS-related increased glucocorticoid exposure could impact fetal brain development is through stimulating the placental production of corticotrophin-releasing hormone (CRH). CRH is produced in the placenta, and its levels increase in response to increasing maternal production of cortisol over the course of pregnancy. Placental CRH regulates fetal growth, likely via modulation of glucose transporter proteins in placental tissue. Sandman and colleagues recently analyzed placental CRH from maternal blood at five timepoints during pregnancy (15, 19, 25, 31, and 35 weeks) and conducted structural MRIs when children were 6–9 years old. They found that children exposed to high levels of placenta CRH (pCRH) from GW15–25 had a thinner cortex over 12% of the cortical mantle, with the temporal and frontal lobes being most affected (Sandman et al. 2018). Moreover, thinner frontal pole thickness was correlated with children’s externalizing problems. While these findings are intriguing, the causal effect of placental CRH influencing CRH levels in the fetal brain has yet to be demonstrated, although there are several mechanisms by which this could plausibly occur. Specifically, placental CRH could directly cross the blood-brain barrier or placental CRH could stimulate the production of fetal cortisol. In either case, increased fetal CRH could disrupt fetal neural development possibly by causing reduced dendritic branching (Curran et al. 2017) (See also Chap 3. The Developmental Effects of Prenatal Maternal Stress).
Epigenetics
Epigenetic effects refer to changes in gene expression that do not involve changes to the DNA sequence. The study of epigenetic modifications in the placenta is still in its infancy. As is true in epigenetic studies in other tissues aside from the placenta, DNA methylation has been the most widely investigated epigenetic mark due to its relative stability and the availability of DNA microarray technologies that allow it to be measured. DNA methylation (DNAm) is the addition of a methyl group to a DNA base, usually a cytosine base, which can act to silence or turn on a gene, depending on the location in the genome.
Adding another layer to the role of serotonin discussed above, epigenetic regulation of the serotonin receptor HTR2A during the in utero period has been suggested as a mechanism by which fetal programming occurs. DNAm of HTR2A in the placenta may alter fetal serotonin signaling with implications for fetal neurodevelopment. Differential placenta DNA methylation in CpG sites (specific regions in the genome that are susceptible to methylation) upstream of the transcriptional start of HTR2A has been associated with infant neurobehavioral outcomes using the Neonatal Intensive Care Unite Network Neurobehavioral Scale as an outcome measure (Paquette et al. 2013). Mean methylation at these specific CpG sites (which have also been associated with chronic fatigue syndrome as well as schizophrenia in adults) was associated with increased infant attention score, which characterizes the infants’ ability to follow auditory and visual stimuli. The authors suggest that this positive association in a low-risk sample may represent an adaptive response, but there may be a tipping point whereby this response becomes maladaptive.
DNAm of glucocorticoid-related genes also has been implicated in prenatal programming. The placenta’s regulation of fetal cortisol exposure, discussed in the previous section, is accomplished in part via placental DNAm of glucocorticoid-related genes such as FKBP5, HSD11β2, and NR3C1. Deregulation of this placental function has been shown to impact offspring neurobehavioral development (Marsit et al. 2012; Conradt et al. 2013; Paquette et al. 2014; Monk et al. 2016). In humans, placental DNAm of FKBPE (FK506 binding protein, a molecular chaperone of glucocorticoid receptor regulation) has been associated with reduced placental FKBPE gene expression and increased risk of high arousal in newborns (N = 61, 49% female) (Paquette et al. 2014). Maternal depression has been associated with greater placental DNAm of NR3C1, a gene encoding for a glucocorticoid receptor, and HSD11β2, a gene producing an enzyme that converts active cortisol into inactive cortisone. Placental DNAm of those two genes predicted poorer self-regulation, lower muscle tone, and more lethargy in neonates (N = 482, 47% female) (Conradt et al. 2013). Another study identified significant associations of greater NR3C1 methylation with higher infant quality of movement and with poorer infant attention (N = 186, 55% female) (Bromer et al. 2013). In a third, more recent study, maternal stress was associated with increased placental DNAm of HSD11β2, which in turn was associated with a reduction in fetal coupling, indicative of delayed neurobehavioral development (N = 61, 51% female (Monk et al. 2016)). Finally, maternal socioeconomic adversity has been associated with lower levels of HSD11β2 placental methylation (indicating relatively increased activity of this protective enzyme) with greater effects in males than females (Appleton et al. 2013).
Another possible mechanism by which epigenetics in the placenta act as a mediator of the effects of PS on fetal neurodevelopment involves mitochondria. Mitochondria are organelles present in every cell of the body and contain their own DNA (mtDNA); they are essential for several biological functions including energy production. DNA methylation processes are mechanistically linked to mitochondria functioning. Mitochondria are involved in the one-carbon metabolism pathway that uses nutrients from the diet to provide methyl (CH3) groups for the methylation of DNA (Bao et al. 2016). In addition, mitochondria signaling regulates gene expression in the cell nucleus, and the DNAm machinery, DNA methyltransferases, which contribute to DNA methylation and transcriptional reprogramming in the placenta (Picard et al. 2014).
In human pregnancy, one study found PS was associated with a decrease in placenta mitochondrial copy number (Brunst et al. 2017). Mitochondrial copy number is the ratio of a mitochondrial gene and a reference nuclear gene (mtDNA/nDNA) and is often considered an index of mitochondria content per cell, though this interpretation has been criticized. A study investigating DNA gene expression found an association between PS and changes in placental mitochondrial DNA gene expression of oxidative phosphorylation subunits involved in energy production; higher maternal self-reported trait anxiety, state anxiety, and PS were associated with increased mt-ND2 gene expression (a core subunit of the mitochondrial membrane respiratory chain NADH dehydrogenase) and increased expression was negatively correlated with infant temperament indices of activity, smile and laughter at 6 months of age (Lambertini et al. 2015). Interestingly, PS can interact with other environmental stressors, including exposure to particulate matter, to impact mitochondrial function (Brunst et al. 2018).
We again emphasize that studies of epigenetics in the placenta are quite new and much has yet to be learned. The placenta has a different methylation profile than other body tissues; however, it is not known precisely why. On average, there is a lower level of overall DNAm; however, this is due to the presence of large blocks (>100 kb in length) of lower methylation, referred to as partially methylated domains (PMDs), that cover 37% of the placental genome. The PMDs are relatively gene-poor and those genes contained within them tend to be tissue-specific and highly methylated despite being found in a region of relatively low methylation (Schroeder et al. 2013). The function of PMDs is unknown, but they may indicate a high-level organization of the placental genome that is fundamentally different from other cell or tissue types (de Goede et al. 2016). Relatively little is known about how PS may interact with other environmental stressors, such as poor nutrition, to impact DNA methylation in the placenta, although it is theoretically a highly relevant area of investigation. The availability of methyl donors such as folate and choline, as well as cofactors including zinc and vitamins B2, B6 and B12, are essential for typical DNA methylation and placental function (Niculescu and Zeisel 2002). Several animal and human studies have shown effects of caloric restriction and micronutrient deficiency, such as choline deficiency, on placenta DNA methylation of glucocorticoid-regulating genes (Bertram et al. 2001; Belkacemi et al. 2011; Jiang et al. 2012).
Studies of long-term neurodevelopmental trajectories related to epigenetic processes in placental genes are lacking. Epigenetic alterations to placental genes may set into motion initial developmental vulnerabilities, which interact with postnatal caregiving environments to increase risk of at-risk neurodevelopment. Alternatively, early neural plasticity may provide a unique window of opportunity for preventive interventions to initiate trajectories of recovery and positive outcomes (See also Chap 5. Epigenetic Effects of Prenatal Stress).
Placental Microbiota
Recent findings suggest that a baby’s first exposure to bacteria, previously thought to be birth, is actually in utero. Rodent studies challenge the existence of a sterile in utero environment, suggesting an earlier mother-infant microbiome transmission, likely through the placental barrier or fetal ingestion of amniotic fluid (Walker et al. 2017). Human studies also have observed shared features and specific genera of microbiota between the meconium, amniotic fluid, and the placenta (Ardissone et al. 2014; Collado et al. 2016), also suggesting in utero colonization.
However, DNA sequence-based evidence for bacterial colonization of the placenta, amniotic fluid, and fetus has been challenged by analyses that suggest instead that these results reflect reagent contamination from the kits used to analyze the biospecimens (Perez-Muñoz et al. 2017). A recent commentary notes that the idea of colonization in utero is at odds with the observation that germ-free mammals can be generated readily by sterile cesarean delivery and transfer to a sterile isolator (Bushman 2019). Thus, the possibility of prenatal mother-infant microbiome transmission is still a contested and active area of study (See also Chap 8. The Microbiome-Gut-Brain Axis).
Sex Differences
Sex differences are evident in maternal prenatal programming research related to prenatal stress (Morrison et al. 2020), yet they vary remarkably. Sex differences identifying greater male vulnerability point to the slower development of the male brain as an explanatory model; slower brain development could create an extended critical period of prenatal vulnerability. Another theory considers hormone exposure, especially levels of testosterone given its role of organizing sexual variation in the developing brain and association with neurodevelopmental disease risk (Bale 2016). Other ideas involve the placenta. In one elegant model based on the X-linked gene OGT (O-linked N-acetylglucosamine transferase) in mice, male placentas with typically lower levels of OGT, are poised for epigenetic alterations that appear to produce robust transcriptional responses to PS that result in increased stress sensitivity as adults (Bale 2016). One way this happens is via a particular epigenetic modification of the DNA packaging protein H3, H3K27me3. High levels of this modification in the female placenta create resilience to altered HPA programming associated with prenatal stress exposure (Nugent et al. 2018). Consistent with the National Institute of Health’s mandate to consider sex as a biological variable (SABV) in biomedical research aimed at understanding disease risk, SABV as it moderates fetal brain development and placenta functioning is central to characterizing prenatal programming processes and neurobehavioral trajectories.
Sex differences in different aspects of prenatal programming have been observed. Stress increases expression of GLUT4 as well as genes regulating fatty acid and oxygen availability in male, but not in female, placentas in rodents (Mairesse et al. 2007; Mueller and Bale 2008). These changes, indicative of disrupted intrauterine energy homeostasis, have been associated with markers of delayed neurodevelopment in male neonates (Mueller and Bale 2008). Focusing on a different mechanism, the parallel lines of maternal immune activation and sex differences now cross to indicate that immune and inflammatory processes go hand in hand with masculinization of the brain, suggesting that the neuroimmune system of developing males versus females may increase the risk for dysregulated brain development (McCarthy 2019).
Other areas of prenatal programming resulting from maternal prenatal stress are likely to act differently by sex, but studies have not been conducted to demonstrate this. For example, sex differences in the transport, uptake and downstream effects of maternal microbe-derived substrates on neurodevelopment is an area of research that warrants further study (Jašarević et al. 2016).
A coherent integration of the range of sex differences in outcomes is still lacking, and much remains to be discovered (See also Chap 10. Sex-Specific Impacts of Prenatal Stress).
Timing
The impact of PS on the fetus and the functioning of the placenta likely depends on the timing of the exposure. This is because stress effects interact with the dynamic development within the fetus and placenta as well as the mother’s environment. These factors may interact to modify the onset, severity, or duration of the effects of PS in the placenta and the developing fetus, leading to different programming outcomes. There is significant knowledge regarding the time course of fetal brain development (Tau and Peterson 2010) as well as the development of placental functioning, which suggests the potential for clarifying timing effects. Earlier in pregnancy, for example, PS may more severely impact the placenta because early in gestation the trophoblast cells are differentiating, and the vascular structure of the placenta is being remodeled (Watson and Cross 2005). These changes could impact neurodevelopment across gestation and lead to broader consequences compared to PS at later timepoints in pregnancy. While mechanisms of programming timing based on placental biology have yet to be confirmed, epidemiological studies tend to show increased vulnerability in early gestation. For example, increased risk for schizophrenia and autism were seen only for first-trimester maternal stress (Khashan et al. 2008). In contrast, placental effects of stress late in pregnancy may be more transient but still could have acute impacts through impairing nutrient delivery or disrupting neurogenesis, synaptogenesis, and early myelination during crucial periods of development in the fetal brain.
Consideration and greater knowledge of the fetal developmental timetable is also critical to furthering our understanding of the timing effects of PS exposure. As noted in this chapter, a growing body of work leveraging physiological and neuroimaging methods show that aspects of fetal neurobehavior undergo a significant transition during the period between 28 and 32 weeks. As previously mentioned, these transitions include the emergence of auditory event-related brain responses such as the mismatch negativity (MMN) (Draganova et al. 2007), a significant increase in the rate of fetal response to vibroacoustic stimulation (Kisilevsky et al. 1992) and fetal habituation—the ability to inhibit responding to a vibroacoustic stimulation (Groome et al. 1993), an increase in fetal breathing movements (Pillai and James 1991), a decrease in FHR (Yoshizato et al. 1994), a gestational point of discontinuity in the developmental trajectory of FHRV (DiPietro et al. 2004; DiPietro et al. 2007), and increased fetal coupling of FHR and FM (DiPietro et al. 2001). Together, with studies examining typical and atypical fetal development that point to a coinciding period of the rapid increase in neural development and myelination that impact cortical and vagal processes (Sachis et al. 1982), including an accelerated, non-linear gyrification and sulcal development (Clouchoux et al. 2012), there is converging evidence that suggests a possible developmental switch point between 28 and 32 weeks involving the consolidation of neural function. The emerging implication of this growing body of work is that differences in fetal neurobehavior at 28–32 weeks may be a transient sign of vulnerability representing disrupted or delayed cortical development. This work underscores the importance of gestational selection and sampling in studies designed to investigate associations between PS, proximal fetal neurobehavioral function, and later infant and child brain and behavioral outcomes.
Overall, the field still lacks specificity with respect to the gestational timing of PS and differentiated child outcomes (van den Bergh et al. 2017). Significant challenges exist in finding such unique associations: (1) few studies systematically assess women across pregnancy to identify one period as influential; (2) with over 50% of U.S. pregnancies unplanned, women rarely are available for PS assessment during the first trimester; (3) over gestation, the fetal brain changes as does maternal brain and stress-related biology (e.g., women tend to be less responsive to stressors in the second trimester) so that there are two dynamic systems to consider.
Future Research Directions
Fetal origins research has generated an enormous body of data; however, evidence of the influence of PS on offspring development is most often based on associations between maternal stress and either birth outcomes or child neurobehavioral outcomes years later. In utero indicators of fetal behavior – including fetal physiological monitoring and fetal neuroimaging – can now be used to as indicators of fetal nervous system development and can be linked with continued postnatal neurodevelopment. The effect of PS on the fetus through its impact on the placenta is an intriguing mechanistic pathway. Active areas of study include the effect of PS on the placenta’s structure and functioning, including nutrient transfer, immune activity, serotonin signaling, transplacental barrier permeability, and epigenetic processes. Several key considerations should be incorporated in this ongoing area of research, including complex modeling of multiple exposures, pathways of intergenerational transmission of the effects of PS, differential effects in diverse populations, and testing of preventive interventions based on hypothesized mechanistic pathways and biomarkers. Sex differences and timing of effects also need to be further elucidated.
Modeling Multiple Exposures
Although prenatal exposures are usually studied individually in prenatal programming research in an attempt to understand the independent contributions of each exposure, the reality of how environmental factors impact the developing fetus is likely more complex. Designing research to reflect reality will lead toward knowledge and intervention targets that are effective when mothers, and therefore their fetuses, are simultaneously exposed to a number of inputs. Experiencing multiple exposures may result in either additive or interactive effects that, if unaccounted for, may contribute to mixed findings in the literature. This is particularly true for exposures that may result in similar outcomes or phenotypes. Further, is it important to acknowledge that both exposures and mechanisms may exert an influence on each other, as we have hypothesized to be the case for maternal nutrition and stress (Monk et al. 2013) and others have for prenatal inflammation and microbiome (Kim, Kim et al. 2017). Until the field moves towards including assessments of multiple, simultaneous exposures, particularly for exposures that tend to co-occur frequently, DOHaD studies of maternal distress effects will lack ecological validity and rigor.
Intergenerational Transmission
A growing line of research suggests that risk for certain psychopathologies may commence even earlier than in utero, in the previous generation. The mechanisms underlying the intergenerational transmission of psychopathology is thought to be both biological and behavioral. Epigenetic effects across generations is one area that is beginning to be explored (Scorza et al. 2019). How intergenerational influences interact with the presently reviewed maternal PS factors will require further study yet have far-reaching research, clinical, and societal implications.
Diverse Populations
A key limitation in research on prenatal programming in the fetus and placenta is a lack of studies in higher-risk populations, which seriously limits the generalizability and ecological validity of the knowledge base. It is unfortunate that even after the passing of the NIH Revitalization Act in 1993, the last two decades have not seen increases in minority participation that parallel the US population distributions (Burchard et al. 2015; Oh et al. 2015). For example, in 2015, Latinos and African Americans made up over a third of the US population, yet only 6% of participants in federally funded clinical trials were African American/Black or Hispanic. Lack of diversity and representation in research samples is not only an ethical dilemma but a scientific one, given that race and ethnicity effects on disease risk and treatment response are well-documented. Particularly important to the present review is the fact that the communities that are underrepresented in research are often the ones disproportionately exposed to the environmental factors thought to pose a risk for development (e.g., PS).
The Environmental Influences on Child Health Outcomes (ECHO) is a research program launched by the NIH in 2016 to understand the effects of a broad range of early environmental factors, including PS, on child health and development. ECHO includes existing longitudinal cohorts totaling about 50,000 children from diverse racial, geographic, and socioeconomic backgrounds across the US, including Puerto Rico. Together, many of these cohorts include participants followed from before birth through childhood and adolescence. These data will be made publicly available to the community of children’s health researchers, and provide unprecedented opportunities for multidisciplinary teams to conduct novel explorations and robust analyses – including those involving simultaneous prenatal exposures, e.g., Padula et al. 2019 – that advance scientific understanding of social determinants of children’s future health.
Research on Prevention Interventions
Understanding mechanisms is sometimes assumed to automatically translate into the ability to prevent negative outcomes. In reality, understanding mechanistic processes helps to identify efficient intervention targets; however, significant work remains in developing, testing, implementing, and scaling up effective interventions within healthcare systems or other sectors. While much remains to be understood about prenatal programming for neuropsychiatric risk, it is clear that there is an impact of PS on child development. The work reviewed in this chapter provides novel areas to assess intervention effects, for example, on placental epigenetics, in addition to more standard outcome measures such as gestational age and weight at birth, and infant neurocognitive development. This kind of translational research would advance our understanding of mechanisms while developing interventions that could later be scaled-up to have a significant impact on preventing neuropsychiatric disorders.
Conclusions
The growing PS literature may identify new opportunities to support the health and resilience of women and their children. However, scientists have the duty to deliver findings to women in a clear way that does not blame or promote scaremongering. Importantly, correlational research may be suggestive but is not strong evidence of a causal relationship. Based on currently available evidence, advisory panels such as the March of Dimes recommend that stress during pregnancy should be reduced, if possible. This might be accomplished by helping pregnant women build a strong support network, form a plan to cope with anticipated challenges, practice stress reduction techniques (mediation, yoga), and maintain healthy habits (sleep, exercise, nutrition). The importance of routine screening efforts to identify women with frank psychiatric symptoms, or those who experience elevated but subclinical levels of distress who would benefit from additional support, is increasingly recognized by providers and policy makers. Therapeutic interventions can play an important role in reducing or preventing an exacerbation of symptoms, as well as fostering resilience for the mother-infant dyad. Given the function and role demands on women during the perinatal period, aspects of psychoeducation on pregnancy and parenting skills have been incorporated into novel treatments developed specifically for the perinatal period (Werner et al. 2016). Currently, the evidence base for prenatal interventions for PS is limited, but growing (O’Connor et al. 2014). As PS research shows, supporting the health of women during pregnancy can help promote the optimal development of their children over the lifespan.
Decades of epidemiological, clinical-translational, and pre-clinical animal research converge demonstrating that maternal PS affects fetal brain-behavior development and influences the child’s neurobehavioral trajectory, often increasing their risk for psychopathology. Studies identifying prenatal programming in fetal development, and probing at the biological level of mechanistic pathways by which PS “gets under fetal skin” particularly with respect to the placenta, underscore the complex, iterative process of psychobiological development that commences even before birth.
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A growing body of evidence suggests that prenatal environments can have a critical impact on child development and adult outcomes. While the assumption that intrauterine experiences can alter early development and persist into adulthood dates back several decades, only recently have we uncovered possible underlying biological mechanisms implicated in this process, such as epigenetics. The term epigenetics is ill-defined (Greally 2018). While epigenetics, in principle, refers to molecular processes, the term is often used as a proxy for environmental effects on a phenotype, especially in the context of early exposure to adversity (Henikoff and Greally 2016; Lappalainen and Greally 2017). In this chapter, we define epigenetics as changes likely caused by transcriptional regulation of gene expression rather than changes in the genetic code itself (Greally 2018). This application of epigenetics to developmental research is opening new opportunities to understand biochemical changes associated with prenatal stress exposure. For the first time, we are able to study how environmental information is embedded on a molecular level and how those experiences are subsequently transmitted to the next generation, affecting offspring behavior and health. Most importantly, recent breakthroughs allow us to advance and test hypotheses about how early developmental experiences manifest at the molecular level (Boyce and Kobor 2015; Lester et al. 2011). For instance, studies are starting to link specific epigenetic modifications associated with prenatal stress with later resilience to mental health problems (Serpeloni et al. 2019). However, while there are now unprecedented opportunities to study the interplay of genes and environment, research on epigenetic effects on human behavior is still in its infancy. In particular, the association between prenatal epigenetic processes and developmental outcomes remains poorly understood. This chapter aims to introduce the most notable findings and their underlying theories.
Developmental Origins of Health and Disease
Research investigating the impact of the prenatal period on subsequent postnatal outcomes was largely influenced by epidemiological studies finding that low birth weight had predictive value, not just for fetal but adult health, such as coronary heart disease (Barker et al. 1989). Those results lead to the fetal origins of adult disease hypothesis, broadly stating that adverse conditions in utero influence developmental outcomes well into adulthood (Barker 2007). Barker theorized that the prenatal impact on future development had an adaptive purpose, preparing the fetus for the expected postnatal environment. Citing developmental plasticity, he proposed that maternal experiences during pregnancy may “program” fetal physiology and metabolism, leading to a latent and persistent change, which in turn, may promote the development of certain conditions, such as coronary heart disease, in adulthood (Almond and Currie 2011; Barker 2007) (See also Chap. 13. Prenatal Programming of Postnatal Plasticity).
Prenatal development is a sensitive period, in which genetic and environmental factors interact and contribute to later risk or resilience. Increasing evidence shows that genetic risk combined with environmental exposure to prenatal maternal stress are associated with neuropsychiatric outcomes (Abbott et al. 2018). The fetal brain is more vulnerable and incorporates these environmental factors in different ways, especially the genetic variants for serotonin and dopamine signaling (Abbott et al. 2018; Comasco et al. 2013; Scheuer et al. 2016).
Current research proposes epigenetic changes as one underlying molecular mechanism of the fetal programming Barker described (Cao-Lei et al. 2016a, b; Petronis 2010; Sosnowski et al. 2018). Broadly, epigenetic changes can be conceptualized as chemical tags on the genome, acting as “switches” that control gene expression by activating or deactivating the production of proteins. The perinatal period, characterized by rapid neurological development, is hypothesized to be particularly crucial for setting these chemical tags making the fetus vulnerable for environmental effects (Petronis 2010). Barker’s original studies have been partially replicated across several European countries (Frankel et al. 1996; Forsen et al. 1997; Leon et al. 1998), the United States (Rich-Edwards et al. 1997), and India (Stein et al. 1996), suggesting low birth weight is a proxy for adult health outcomes. Results show that maternal malnutrition in particular has a persistent effect on the adult health outcomes of her child, such as premature death, cancer, diabetes, heart disease, and strokes (Eriksson et al. 2014; Reynolds et al. 2013). However, most studies deriving from Barker’s original research examined the epidemiological outcomes of nutrition or maternal lifestyle, while they neglected to investigate biochemical mechanisms underlying these health outcomes.
Maternal Prenatal Stress
Barker’s hypothesis focused primarily on malnutrition as a cause of low birth weight and subsequent development. Modern research investigating the effect of the fetal environment on epigenetic changes conceptualizes maternal stress more broadly. The construct of prenatal stress has been measured as traumatic events during pregnancy, exposure to natural disasters (Cao-Lei et al. 2014; King et al. 2012), stressful life circumstances (such as poverty, divorce), as well as psychological disorders resulting from these experiences (Sosnowski et al. 2018). As is the case for prenatal exposure to malnutrition, psychological stressors have also been linked to low birth weight and other conditions, such as premature birth (Graignic-Philippe et al. 2014). Moreover, several latent effects in adult offspring of women exposed to prenatal stress have been reported, including altered immune function (Entringer et al. 2008a), insulin resistance (Entringer et al. 2008b), HPA-axis regulation (Entringer et al. 2009), depressive symptoms (Betts et al. 2015), and shorter telomere length (Entringer et al. 2011).
Despite finding similar perinatal and adult outcomes, the concept of prenatal stress is not well defined and is currently used as an umbrella term for the presence of physiological and psychological stressors, psychopathologies such as anxiety and depression, or even the occurrence of subclinical symptoms of mental problems (Doyle and Cicchetti 2018). The inclusion of symptoms of anxiety and depression has been criticized as the term “stress” appears to get increasingly applied to a wider range of experiences that differ in their intensity, with some being closer to everyday challenges than the original conception of stress (Kagan 2016). Researchers often fail to address several methodological flaws that may affect our ability to correctly estimate prenatal stress effects and underlying biochemical principles. For example, studies of psychological stress, such as anxiety or depressive symptoms, often do not control for associated external conditions such as poverty, single parenthood status, and lack of social support (Apter-Levy et al. 2013). Moreover, the presence of psychological stressors is often documented through self-report measures, even though anxious and depressive symptoms often co-occur with negative attributions and a biased self-perception (Zbozinek et al. 2012). Finally, there may be a considerable overlap between measures of psychological stress and lifestyle factors such as sleep, diet, and exercise, making it difficult to distinguish whether fetal programming is linked to psychological conditions or associated behavior patterns (De Weerth 2018). These findings could mean instead that maladaptive coping strategies in response to stress may influence fetal development or at least mediate the effects. Often these potential confounding variables are neglected in research on prenatal stress, even though a connection between psychopathology and sleep, for instance, is well documented in the literature (Franzen and Buysse 2008; Tsuno et al. 2005) (See also Chap. 14. Gestational Stress and Resilience).
Nevertheless, despite difficulties measuring and defining prenatal stress, research has shown a link to perinatal, childhood, and adult outcomes in offspring, including effects on physical and mental health (Betts et al. 2015; Entringer et al. 2008a, b; Littleton et al. 2010). Uncovering the underlying biochemical mechanisms and pathways that are involved in fetal programming may increase our understanding and help us to refine the simplified definition of “stress” as a possible origin of observed effects.
Match-Mismatch Hypothesis of Fetal Programming
A large body of research is focused on the negative consequences of fetal programming due to prenatal stress. However, exposure to prenatal stress is not inherently adverse. While prenatal psychological stress may have a persistent effect on the fetus and adult outcomes, only a limited subgroup of offspring actually develop a stress-related illness. Moreover, some studies seem to find that moderate exposure to prenatal stress may have a protective effect on the offspring for coping with stress later in life (Santarelli et al. 2017). One recent study suggests that, corresponding with the match-mismatch hypothesis, children who experienced a high-stress environment pre- and postnatally show less psychopathology later in life than those who only experienced postnatal stress (Serpeloni et al. 2019). It is hypothesized that fetal programming may entail an evolutionary advantage as it prepares the fetus for its future environment. That is, the changes implicated in prenatal exposure to stress may favor developmental adjustment to high-stress environments similar to the one experienced in utero, which itself is evolutionarily adaptive and beneficial (Belsky et al. 2009; Branchi and Cirulli 2014). According to the match-mismatch hypothesis, not adversity itself but a mismatch between the programmed prenatal environment and later adult life circumstances may lead to negative consequences and disease (Schmidt 2011). The match-mismatch hypothesis broadly states that during prenatal development the fetus is exposed to maternal experiences due to nutrition, hormones, and the immune system, which are communicated through the placenta (Bateson et al. 2014). The cues received and encoded through the intrauterine environment help the fetus adapt to the challenges of the postnatal world (Nederhof and Schmidt 2012). This developmental process reflects the interplay of nature and nurture. While the genetic “blueprint” is provided at conception its expression is modified by environmental influences and experiences. This starts with information the fetus receives about the maternal extrauterine lifestyle, translated through biochemical mechanisms such as hormone levels or immune cytokine production. For instance, prenatal exposure to high levels of stress hormones may signal that the expected postnatal environment will likely include high-stress experiences. In this case developmental plasticity, encouraging the manifestation of a stress-adapted phenotype, will likely increase overall fitness and survival chances of the offspring. In the long term, however, accompanying effects of this phenotype may be maladaptive in a less harsh environment (Ellis et al. 2011). In other words, a sustained stress response based on prenatal cues may be critical to survival in a matched upbringing, as it enables the individual to adapt to stress and equips it with the best possible coping mechanism, creating an evolutionary advantage. On the contrary, a sustained stress response in an undemanding environment can have detrimental effects on the body, especially on the developing brain (Champagne et al. 2009; Virgin Jr et al. 1991). In this case, the prenatal cues do not hold up postnatally, the individual lacks an appropriate adjustment to its environment and a disadvantage is created. This reflects the central assumption of the match-mismatch hypothesis: that the adaption of fetal physiology and metabolism based on the intrauterine environment can result in a mismatched phenotype in the actual extrauterine setting (Nederhof and Schmidt 2012; Schmidt 2011). Individuals with a mismatched phenotype therefore have an increased vulnerability for disease and psychopathology as the organism may lack coping strategies for the actual context in which they are raised.
While there is growing support for the match-mismatch hypothesis, animal models suggest that not just prenatal effects, but also postnatal modifications play an important role for later neuropsychiatric outcomes. For instance, high maternal care, measured in tactile stimulation, may be related to improvements in HPA-axis functioning as well as related behaviors in the offspring across species (Hill et al. 2019; Lemaire et al. 2006; Weaver et al. 2004). In addition, increasing evidence suggests that the effects of stress on the fetus are sex-specific, and female offspring may be more vulnerable to the negative effects of glucocorticoids (Hill et al. 2019).
Epigenetic Mechanisms
Recent scientific advances have identified epigenetic processes as a potential key mechanism for fetal programming, linking maternal prenatal stress and postnatal development and functioning (Cao-Lei et al. 2016a, b; Monk et al. 2012). Broadly defined, epigenetic mechanisms are partially heritable changes to the DNA that do not alter the DNA sequence itself (e.g., Bird 2007; Greally 2018). More specifically, the epigenome can be characterized as “switches” either enhancing or inhibiting the expression of the genome (Petronis 2010). Environmental factors such as lifestyle, nutrition, and stress have been shown in animal models to influence epigenetic mechanisms and subsequent gene expression, providing a viable explanation for the observed association between prenatal maternal stress and persistent effects on the offspring throughout lifespan. There are two key epigenetic mechanisms in humans that are assumed to have effects on gene expression in human studies of prenatal stress: histone modifications and DNA methylation (Adalsteinsson and Ferguson-Smith 2014). In addition, microRNAs have been shown to target gene expression on a posttranscriptional level (Chuang and Jones 2007). We describe these mechanisms below.
Histone Modifications
Histones are proteins that enable DNA compaction and affect the chromatin structure. Posttranscriptional modifications to histones have a function in gene regulation by altering the chromatin structure, controlling the accessibility of genes for transcription (Bannister and Kouzarides 2011). Less densely packed chromatin allows transcription factors to bind more easily to transcription sites, initiating active gene expression, while densely compact chromatin may reflect transcriptional inactivation. Through alteration in the histone, the organism can make modifications in chromatin due to external cues to regulate gene expression or repression. Several different posttranscriptional modifications are known to be involved in histone modifications, such as acetylation, phosphorylation, and methylation (Adalsteinsson and Ferguson-Smith 2014; Bannister and Kouzarides 2011).
MicroRNAs
MicroRNAs are small RNAs that target gene expression on a posttranscriptional level (Chuang and Jones 2007). While microRNAs can be targeted by epigenetic processes, such as DNA methylation and histone modification themselves, they also play a key role in those mechanisms. For instance, microRNAs can suppress enzymes involved in epigenetic changes and they bind to gene promoter sequences, modulating chromatin and subsequent gene expression (Moutinho and Esteller 2017). Finally, microRNAs may be involved in the downregulation or degradation of mRNAs affecting the translational level in cells (Moutinho and Esteller 2017).
DNA Methylation
DNA methylation is implicated in the regulation of gene expression, usually by the addition of a methyl group (CH3) to a cytosine. Methylation is commonly observed at CpG dinucleotide sites and is found concentrated in clusters in specific stretches of DNA or around gene promoter regions (Adalsteinsson and Ferguson-Smith 2014). Methylation at CpG sites is usually correlated with gene expression and two different mechanisms are proposed to explain their impact (Adalsteinsson and Ferguson-Smith 2014; Lim and Maher 2010). In a direct influence on gene expression, methylated sites may be resistant to the binding of transcription factors necessary for active transcription. Alternatively, methylated sites could have an indirect impact by attracting methyl binding proteins that subsequently attract histone modifiers (Sosnowski et al. 2018). DNA methylation is relatively easy to measure compared to histone modification and consequently the most frequently studied epigenetic process in humans, especially in the context of fetal programming.
The majority of DNA methylation studies use tissues that are readily available. For instance, buccal cells collected with cheek swabs or whole blood is often used as those samples are both easy to collect and are peripheral markers of epigenetic effects relevant to a biological system of interest (e.g., white blood cells for immune system functioning). Specific to pregnancy and the perinatal period, tissue samples from placenta and umbilical cord blood are also used to study DNA methylation. However, it is not yet well established whether DNA methylation patterns differ between samples of the same tissue or between different tissues (Sun and Sun 2019). While studies find considerable differences between cell and tissue type (Zhang et al. 2013), the tissue samples frequently used in neonatal research appear to have similar patterns. One study comparing DNA methylation in neonatal buccal cells with those in umbilical cord blood found the methylation patterns per individual to be proportional similar or nearly identical (Murphy et al. 2012). Studies investigating the link between maternal prenatal stress and epigenetic mechanisms frequently interrogate DNA methylation in placental tissue after birth. The placenta is involved in regulating the intrauterine environment and is a direct connection between mother and fetus. It therefore may play a key role in how prenatal maternal experiences may be related to epigenetic modifications (Koukoura et al. 2012; and see Monk et al., this handbook). Several studies have examined this hypothesized connection and found associations linking environmental cues to placental methylation and subsequent offspring outcomes. We review below what is known thus far about the effects of prenatal stress on epigenetic outcomes at birth (and see Table 5.1).Table 5.1Summary of studies examining the epigenetic effects of prenatal stress in humans at birth


	Reference
	Tissue
	Age
	Exposure
	Gene
	Findings

	Oberlander et al. (2008)
	Cord blood
	Birth
	Prenatal depression and anxiety (HAM-D, HAM-A, EDPS)
	NR3C1 (CpG1,2,3), NGFI-A
	Exposure to prenatal maternal depression and anxiety related to greater methylation of NR3c1

	Capron et al. (2018)
	Placenta
	Birth
	Trait anxiety, depression, life events
	NR3C1
	Prenatal anxiety and depression in Caucasian women related to increase in placental NRC31 expression, prenatal life events in Caucasian women related to downregulation of HSD11B2

	Monk et al. (2016)
	Placenta
	Birth
	Prenatal stress (PSS)
	NR3C1, 11β-HSD2, FKBP5
	Increased prenatal stress related to increased methylation of HSD11B2 and increased FKBP5

	Conradt et al. (2013)
	Placenta
	Birth
	Prenatal depression and anxiety
	NR3C1 (CpG2), 11β-HSD2 (CpG4)
	Prenatal depression related to increased methylation of NRC31 (CpG2), prenatal anxiety related to greater methylation of 11β-HSD2 (CpG4)

	Mulligan et al. (2012)
	Cord blood
	Birth
	Extreme maternal psychosocial stress, war trauma (Congo)
	NR3C1 (39 CpG sites)
	Increased prenatal stress related to increased methylation of NR3C1

	Cao-Lei et al. (2014)
	T cells
	13 years
	Prenatal stress (Project Ice Storm)
	SCG5, LTA
	Increased prenatal stress related to methylation differences

	Kertes et al. (2016)
	Placenta, cord blood
	Birth
	Chronic stress and war trauma (Congo)
	NRC31, CRHBP, CRH, FKBP5
	Exposure to prenatal war stress related to increased methylation at CRH and FKBP5

	VanGeel et al. (2015)
	Cord blood
	Birth
	Maternal stress (EDS, PRAQ)
	IGF2, GNASXL
	Increased prenatal stress related to increased methylation of IGF2, GNASXL

	Devlin et al. (2010)
	Cord blood
	Birth
	Depression 2nd and 3rd trimester (HAM-D)
	SLC6A4
	Increased 2nd trimester depression related to decreased methylation of SLC6A4

	Appleton et al. (2013)
	Placenta
	Birth
	Socioeconomic adversity
	HSD11B2
	Greater exposure to adversity related to lower methylation of HSD11B2, more pronounced in males

	Ostlund et al. (2016)
	Buccal cells
	5 months
	Prenatal stress (SLE)
	NRC31
	Prenatal stress related to increased methylation of NRC31-exon1F for female infants

	Braithwaite et al. (2015)
	Buccal cells
	2 months
	Prenatal depression (EPDS)
	NR3C1-1F, BDNF IV
	Prenatal depression related to increased methylation of NR3C11F in males, decreased BDNF IV in males and females

	Liu et al. (2012)
	Cord blood
	Birth
	Depression (CES-D)
	MEG3
	Depressed mood of mothers related to higher methylation of MEG3 DMR

	Mansell et al. (2016)
	Cord blood
	Birth
	Maternal anxiety (EDS)
	NR3C1 (47 CpG sites), IGF2/H19
	Association between maternal anxiety and decreased IGF2/H19 ICR methylation at the major CpG sites

	Vidal et al. (2014)
	Cord blood
	Birth
	Maternal perceived stress
	MEST
	High maternal stress associated with increase in methylation at MEST DMR in females

	Rodney and Mulligan (2014)
	Cord blood, placenta
	Birth
	Prenatal war trauma (Congo)
	NR3C1 (45 sites)
	No association

	Hompes et al. (2013)
	Cord blood
	Birth
	Pregnancy-related anxiety
	NR3C1 (exon 1F, 1B, 1D)
	Methylation of NR3C1 CpG9 associated with maternal emotional well-being

	Murgatroyd et al. (2015)
	Buccal cells
	5-6 weeks
	 	NRC31 (2 CpG sites) 1-F promoter
	NR3C1 methylation is elevated with increased postnatal depression if it followed prenatal depression

	Conradt et al. (2016)
	Buccal cells
	4 months
	Depressive symptoms, maternal sensitivity
	NR3C1, 11β-HSD2
	Depressed but sensitive mothers related to less methylation of NRC31 and 11β-HSD2 in infants

	Stroud et al. (2016)
	Placenta
	Birth
	Maternal prenatal major depressive disorder (MDD)
	11β-HSD2, SLC6A4
	HSD11B2 expression moderated links between MDD and baseline cortisol (methylation decreases associated with cortisol increases). SLC6A4 moderated links between MDD and cortisol with only boys (increases in expression with increases in cortisol in control mothers)

	Marsit et al. (2012)
	Placenta
	Birth
	SES
	11β-HSD2
	No association

	Rijlaarsdam et al. (2016)
	Cord blood
	Birth
	Prenatal cumulative stressors (illness, interpersonal stressors, financial difficulty)
	OXTR
	No association

	Unternaehrer et al. (2016)
	Cord blood
	Birth
	Prenatal depression, general life stress
	OXTR
	Increases in depression and stress -> decreases in OXTR methylation

	Devlin et al. (2010)
	Cord blood
	Birth
	2nd trimester maternal depression
	BDNF, SLC6A4
	Increased depression-> decreased methylation of SLC6A4

	Dukal et al. (2015)
	Cord blood
	Birth
	Depression, anxiety, SES, perceived stress, psychosocial stress
	SLC6A4
	Females had higher methylation than males, but this was not associated with prenatal stress.
No association.

	Schroeder et al. (2012)
	Cord blood
	Birth
	Prenatal depression
	EWAS
	No effects

	Non et al. (2014)
	Cord blood
	Birth
	Prenatal depression, with use of SSRI
	EWAS
	Decreased methylation in 33 of 42 sites associated with maternal depression and SSRI use

	Nieratschker et al. (2014)
	Cord blood
	Birth
	Prenatal stressors
	EWAS
	3,405 genes were significant




A number of studies have investigated associations between placental methylation of 11β-HSD2 and fetal or newborn outcomes. The gene 11β-HSD2 encodes an enzyme that converts active cortisol into inactive cortisone. 11β-HSD2 has been a focus of research on epigenetic effects of exposure to prenatal maternal stress as it is found in the placenta likely protecting the developing fetus from excess maternal cortisol. 11β-HSD2 is regulated by DNA methylation and prolonged maternal prenatal stress can impact its expression and subsequent fetal exposure to cortisol (Appleton et al. 2013). One study investigating the effect of prenatal maternal psychopathology found greater methylation on 11β-HSD2 in infants whose mothers were affected by anxiety during pregnancy (Conradt et al. 2013). Marsit et al. (2012) found an association between methylation on 11β-HSD2 and low birth weight, a proxy for maternal stress, in otherwise healthy newborns. Monk and colleagues found that perceived maternal prenatal stress was related to greater methylation of 11β-HSD2 and lower fetal heart rate-movement coupling, a marker of the development of the central nervous system during gestation (Monk et al. 2016). On the contrary, one study found that a cumulative maternal adversity score was related to decreased methylation of placental 11β-HSD2 which may be an adaptive process to allow for effective coping in a postnatal environment (Appleton et al. 2013). Likewise, Stroud et al. (2016) found that prenatal depression was linked to a decrease in 11β-HSD2 methylation and an increased cortisol stress response in the infant. While the results of those initial studies are mixed and do not provide a clear conclusion, it appears that methylation of placental 11β-HSD2 may be one key mechanism linking prenatal exposure to offspring outcomes through intrauterine exposure to glucocorticoids.
Another gene implicated in epigenetic pathways of fetal programming is NR3c1. NR3c1 plays a central role in the stress response, encoding the glucocorticoid receptor, which is involved in the negative feedback loop of the HPA-axis stress response system. In animal models, exposure to stress during gestation has an effect on offspring HPA-axis functioning moderated by methylation on NR3c1 (De Kloet et al. 2005). Oberlander et al. (2008) found a significant link between exposure to maternal psychopathology during gestation and increased methylation on NR3c1. The methylation was additionally correlated with later infant cortisol levels during a social stressor paradigm at 3 months of age, indicating a functional association between exposure to prenatal maternal stress and altered stress reactivity in infancy. Ostlund and colleagues found an association between maternal self-reported stress during pregnancy and female offspring NR3c1 methylation indicating that there may be sex-specific effects (Ostlund et al. 2016). This research team also found that DNA methylation of NR3c1 predicted increased fearfulness in females at 5 months of age, connecting the epigenetic changes to behavioral outcomes. On the contrary, Braithwaite et al. (2015) found that maternal depressive symptoms during pregnancy were only related to increased NR3c1 methylation in male infants at 2 months of age, indicating a higher susceptibility of male offspring for the effects of prenatal stress. Investigating several loci for methylation on NR3c1 researchers report that particularly CpG9 is linked to maternal pregnancy-related anxiety and emotional wellbeing (Hompes et al. 2013). In a study with 83 pregnant women, Capron et al. (2018) found that prenatal depressive or anxious symptoms were linked to placental NR3c1 upregulation but only in Caucasian women. Another study explored the impact of prenatal war-related stress in Congolese women, finding that increased exposure to war-related stressors was linked to increase methylation in cord blood NR3c1 (Mulligan et al. 2012; Rodney and Mulligan 2014). One of the first experimental studies in humans showed that maternal depression was related to increased infant NR3c1 methylation, but that self-reported touch and stroking of the infant was able to reverse this effect (Murgatroyd et al. 2015). Conversely, Conradt and colleagues found that infants with depressed but sensitive mothers had less methylation on NR3c1 than infants with less sensitive mothers with symptoms of depression (Conradt et al. 2016), indicating that not just prenatal experiences but also the postnatal interaction may influence infant methylation of NR3c1.
The serotonin transporter gene, SLC6A4, is involved in the serotonergic regulation of the HPA-axis and is associated with several psychiatric disorders. Increased maternal depressive symptoms, particularly during the second trimester, were related to a decreased SLC6A4 methylation in infants at birth (Devlin et al. 2010). In a study with 153 mother-infant dyads, Stroud et al. (2016) found a link between prenatal exposure to depression and SLC6A4 methylation in boys but not girls. Moreover, boys whose mothers showed signs of depression during gestation had a significantly higher stress-related cortisol response than boys of healthy control mothers. Their findings indicate similar to NR3c1 in girls, a gender-specific association between maternal prenatal depression, SLC6A4 methylation, and subsequent infant stress sensitivity. On the contrary, Dukal and colleagues found sex-specific increased methylation of SLC6A4 in only female infants, and independent from prenatal experiences (Dukal et al. 2015). Further, FKBP5 is a gene implicated in immunoregulation, which has been associated with exposure to prenatal stress (Vaiserman and Koliada 2017). One study exploring a functional link between self-reported maternal stress during gestation and FKBP5 in humans finds increased methylation and less development of the central nervous system in fetuses exposed to higher level of stress (Monk et al. 2016). Another study looking at prenatal war trauma showed increased methylation at FKBP5 in infants associated with maternal trauma exposure (Kertes et al. 2016). The oxytocin receptor gene (OTXR) is assumed to be involved in social behavior, bonding, and the stress response is another candidate gene potentially linked to prenatal stress exposure. One study found that maternal stress exposure during pregnancy, perinatal depression, and her cortisol response were negatively correlated with her infant’s cord blood OTXR methylation (Unternaehrer et al. 2016). This finding indicates that infants born to mothers with overall high-stress exposure have at birth an environmental adaption with decreased methylation and increased oxytocin expression.
In a large-scale study with 508 mothers and their infants, researchers found infants of mothers with severe depression had increased methylation at differentially methylated regions (DMRs) regulating imprinted gene MEG3 (Liu et al. 2012). Vidal et al. (2014) found that higher maternal self-reported stress was linked to higher methylations at the MEST DMR in infants at birth. Another study looking at DMRs of the imprinted gene IGF2 found that methylation at birth was related to maternal prenatal anxiety, especially in female infants (Mansell et al. 2016). Similar results were found by Vangeel et al. (2015), reporting that increased maternal prenatal stress, measured in blood cortisol during pregnancy, was associated with increased imprinted gene IGF2 and GNASXL methylation in the infant at birth.
Recent publications have extended beyond specific target genes, conducting epigenome-wide association studies (EWAS). One epigenome-wide study on 58 newborns identified 33 CpG sites with significant lower methylation in infants exposed to non-medicated maternal prenatal depression and anxiety compared to non-exposed infants (Non et al. 2014). However, only two of these sites were significant when put in a broader genomic context, indicating an involvement of TMEM120b which could inform future research. In a cross-species study, Nieratschker et al. (2014) found a significant association of exposure to prenatal stress and methylation of MORC1 in infant cord blood, a gene that is assumed to play a role in major depressive disorder. However, two studies found no large effects on infant epigenome-wide methylation in association with prenatal stress exposure (Rijlaarsdam et al. 2016; Schroeder et al. 2012). Although the reported results on fetal programming through epigenetic mechanisms are not conclusive yet, the evidence so far suggests that DNA methylation may be at least one of the pathways implicated in the observed intergenerational effects of maternal experiences. The evidence further shows that DNA methylation is associated with chronological age. This “epigenetic clock” can be used to precisely estimate chronological age in adults, children, and even to determine gestational age as a proxy for developmental maturity in newborns (Knight et al. 2016). Newer research indicates that prenatal exposure to maternal depression as well as external environmental stressors may affect epigenetic age (Suarez et al. 2018). Antenatal maternal depression was directly associated with lower gestational age with a greater effect on boys than girls (Suarez et al. 2018). Similar results were found for prenatal exposure to an earthquake which, especially early in gestation, led to a lower epigenetic gestational age and increased preterm birth (Torche and Kleinhaus 2012).
While early studies mostly focused on the effects of maternal stress during pregnancy on the offspring stress response system, newer research has also focused on the immune system. Prenatal exposure to stress has been associated with an increased risk for diseases related to the immune system, such as asthma and atopic diseases (Von Hertzen 2002). It is assumed that stress-related alterations in prenatal maternal pro-inflammatory cytokines are associated with the increased risk for atopy and inflammatory disease (Hamada et al. 2003; Pincus-Knackstedt et al. 2006; Prescott et al. 2005). Likewise, increased levels of cytokines have been found in pregnant women exposed to a high-stress environment (Coussons-Read et al. 2007; Coussons-Read et al. 2005) (See also Chap. 7. Immune Models and Mechanisms).
Epigenetic Effects of Prenatal Stress: Implications for the Development of the Fetal Immune System
Interestingly, exposure to maternal infection during pregnancy may be an additional prenatal perturbation related to risk for offspring neuropsychiatric vulnerability (Brown et al. 2004; Buka et al. 2001). This risk is likely due to reciprocal interactions in pathways where stress and immune activation intercept, with a likely key role of the placenta as both maternal cytokines and glucocorticoids impact placental development (Howerton and Bale 2012).
Epigenetic processes are one of the key mechanisms through which maternal experiences of adversity during gestation become biologically embedded and program offspring immune and central nervous systems development and function (Richetto et al. 2017). DNA methylation, the most common epigenetic modification, is actively involved in governing early immune system development, differentiation, function, and subsequent health and disease outcomes (Baron et al. 2007; Martino and Prescott 2013). For instance, the expression of specific surface receptors regulates the differentiation (e.g., from CD4− CD8− to CD4+CD8+), maturation, and proliferation of T and B lymphocytes (the two main components of the adaptive immunity), and establishes cellular immunity in response to pathogens, tumors, and environmental insults (Gray et al. 2014; Morales-Nebreda et al. 2018; Scharer et al. 2013). Upon recognition of antigens and immune activation, alterations in expression levels of certain genes (e.g., DNMT1, DNMT3A, and DNMT3B) may cause the naïve B cells to migrate to secondary lymphoid organs and differentiate to the germinal-center B cells. Genetic and epigenetic alterations are also involved in differentiation of germinal-cell B cells to either antibody-producing plasma cells or memory B cells that provide long-lasting immunity against the foreign pathogens (Lai et al. 2013). Disruption of DNA methylation at key immune genes, on the other hand, could have profound effects on normal immune development and increases the risk of cancer and immune diseases development (Hartnett and Egan 2012; Maekita et al. 2006; Richardson 2003).
Emerging evidence suggests that alterations in DNA methylation also play a prominent role in mediating the effects of maternal prenatal insults and inflammation on fetal immune and neurodevelopmental outcomes (Morales-Nebreda et al. 2018). The first evidence for the effects of maternal prenatal stress on variations in immune-regulating gene transcription in human offspring came from Project Ice Storm: a prospective longitudinal study examining the effects of 1998 Quebec ice storm (Canada’s most costly natural disaster in the history) on pregnant women and their offspring immunity and health outcomes. Cao-Lei et al. (2014) examined whether and the extent to which pregnant women’s objective experiences of hardship and subjective distress, five months after the natural disaster, might independently or collectively account for variations in DNA methylation of offspring white blood cell genes, when they were 13 years of age. Their findings suggested a strong and positive association between maternal objective stress and DNA methylation of the two candidate genes of SCG5 (secretory granule neuroendocrine) and LTA (lymphotoxin alpha) involved in regulating the innate and adaptive immune systems. Moreover, they found that the women’s objective severity of stressors (but not their subjective degree of distress) is a stronger predictor of epigenetic modifications of offspring white blood cell genes. Interestingly, prenatal exposure to natural disaster was related to long-lasting influences on offspring immune cell profile DNA methylation that persisted into adolescence.
In a different set of analyses, Cao-Lei et al. (Cao-Lei et al. 2016b) found evidence for the mediatory effects of DNA methylation of nuclear factor kappa B (NF-κB) signaling genes (PIK3CD, PIK3R2, NFKBIA, TRAF5, TNFRSF1B, and LTBR) in the association between maternal objective levels of prenatal stress (natural disaster) and offspring T helper (Th) 1 cytokine (IFN-γ) production. Increased DNA methylation of NF-κB signaling genes was observed in the offspring of mothers who reported greater experiences of objective stress during pregnancy. These epigenetic alterations were further related to reductions in IFN-γ levels among these children. NF-κB is a family of transcription factors that actively coordinates the expression of a wide range of genes involved in immune responses (Li and Verma 2002). Likewise, Cao-Lei et al. (2015) found that pregnant women’s negative cognitive appraisal of the Quebec ice storm’s consequences was a strong predictor of the genome-wide DNA methylation profiles of T cells in their adolescent offspring. The offspring of these women demonstrated poorer physical, behavioral, and cognitive outcomes in their childhood and adolescence (King et al. 2009; Laplante et al. 2008). The results of Project Ice Storm collectively highlighted the role of DNA methylation as an important mechanism that mediates the effects of mother’s experiences of chronic and acute stress and cognitive appraisal of the stressors’ consequences during pregnancy on the offspring immune function.
Other studies have examined the possible effects of preconception and intrauterine exposure to chronic stressors on the epigenetic status of immune-regulatory genes in the developing fetus. A recent study by Ross et al. (2019) suggested that a mother’s prenatal experience of stress might be a stronger predictor of her own upregulated inflammatory gene expression during the third trimester than her experience of preconception stress. These researchers found remarkably higher expression of pro-inflammatory (IL-1β, IL-6, IL-8/CXCL8, COX2/PTGS2, TNF-α) genes in low-income women who had been exposed to significant chronic stress during pregnancy, compared to those who experienced lower levels of adversity. Moreover, relative to the latter group, the high-risk women exhibited increased activity of the pro-inflammatory transcription factors (NF-κB and AP-1) (See also Chap. 6. Intergenerational Transmission of Parental Early Life Stress).
Similar to prenatal stress, exposure to viral and microbial infection in utero and maternal immune activation play a vital role in epigenetically modifying and regulating the offspring’s pattern of immune and brain genes expression during the critical prenatal and postnatal periods (Martino and Prescott 2011). Early evidence for this notion was obtained from the preclinical studies with mice. For instance, Fatemi et al. (2008) found that the male offspring of the mice infected with a dose of human influenza virus during the second trimester of pregnancy exhibited significant alterations in the expression of genes associated with schizophrenia and autism. Additionally, compared to non-infected mice, prenatally exposed mice showed significant gene alterations in their frontal, hippocampal, and cerebellar cortices, the regions involved in perception, cognition, and mood. Postnatal analysis of brain and lateral ventricular volume areas also showed significant atrophy of the brain volume in these groups of mice (Fatemi et al. 2008). Likewise, Holloway et al. (2013) reported alterations in the expression of the serotonin 5-HT2A and the metabotropic glutamate 2 (mGlu2) receptors in the frontal cortex of adult mice born to stressed mothers and those injected with polyinosinic:polycytidylic acid [poly(I:C)] during pregnancy. These mice were also found to be at increased risks of developing schizophrenia-like symptoms and antipsychotic drug action in their adolescence.
Similar to animal models, emerging evidence with humans suggests that exposure to intrauterine inflammation may be related to pivotal epigenetic modifications in the expression of genes related to fetal immune and neurodevelopment, and thereby contribute to prognosis and pathogenesis of many postnatal diseases. In one investigation, Tilley and associates (2017) found a direct association between prenatal intrauterine inflammation, altered expression levels in genes related to umbilical cord tissue (IL1RL1, MMP9, IL1R2, IL6, VCAM1, NFKB2, IL10RA, IFNGR1, IL1R1) and neuronal development processes (PNMAL1, CRISPLD1, OLFML1, and ECM2). They specifically reported decreased expression levels of genes associated with neurodevelopment among prematurely born infants who were exposed to inflammatory markers in utero. These children later developed more neurocognitive impairments when they were 10 years of age.
In summary, studies that we reviewed here collectively highlighted the significance of the intrauterine environment in regulating immune-related genes expression. Exposure to environmental insults in utero (i.e., maternal inflammation and prenatal stress) may be related to epigenetic modifications in developing fetus, which could, in turn, affect its immune and neurodevelopment later in life. A deeper understanding of epigenetic processes and identifying genes that are differentially expressed under adverse intrauterine conditions are warranted as they may lead to early detection of risk and reduce predisposition for neurological and immune diseases.
Summary and Discussion
Overall, recent advances in scientific methods have opened new opportunities to investigate associations between prenatal maternal experiences and epigenetic effects and subsequent offspring health and behavior. In this chapter, we showed that Barker’s original observations and the resulting hypothesis on fetal origins of disease (Barker et al. 1989) can be attributed in part to epigenetic mechanisms explaining at least partially the association between intrauterine exposure and long-term developmental outcomes. Moreover, modern research replicated Barker’s results on fetal programming finding that even a broader exposure to maternal prenatal stress is associated with developmental consequences (e.g., Betts et al. 2015; Entringer et al. 2008a; Graignic-Philippe et al. 2014). While the amorphous construct of maternal stress has drawn criticism and possibly made it more challenging to compare scientific results, the information gained through new studies in this rapidly extending field may actually pose an opportunity, helping us to refine our measurements and definition. Investigating biochemical mechanisms that link prenatal environments with neurodevelopmental outcomes may help us uncover primary and secondary pathways, eliminating confounding variables to identify the origins of widely observed effects. Future research should aim to move away from the current one-sided perspective of stress only causing vulnerability. Newer studies have started to explore the more complex ramifications of prenatal exposure to maternal stress. Zhang et al. (2020) for instance found that moderate prenatal stress exposure may buffer the impact of subsequent traumatic stress indicating a more complex dynamic between stress and gene expression. Another recent study found that children who experienced intimate partner violence in their prenatal as well as their postnatal environment showed less psychiatric problems than children whose pre- and postnatal environment did not match (Serpeloni et al. 2019). A more careful investigation of the effects of prenatal stress on offspring mental health that takes the complex nature of stress and living experience into account will help us to gain a deeper understanding of how risk and resilience develop in the presence of adversity.
Future studies should target the more complex dynamics of prenatal stress and child outcomes, including potential adaptive aspects of moderate stress exposure and how the intrauterine environment may help the fetus adapt to future challenges of the postnatal world (Nederhof and Schmidt 2012). Next to a focus on the negative consequences of stress, the current literature also has a disproportionate emphasis on stress-related effect on the HPA-axis. While the HPA-axis undoubtedly plays an important role, there are multiple additional stress pathways such as the immune system, the serotonin system, as well as a potential impact of mitochondrial gene expression. Investigating these additional stress response pathways and their interaction with each other will likely help us to understand the complexity of prenatal stress exposure and the observed heterogeneity in outcomes.
Investigating the biochemical mechanisms underlying models of developmental programming may help us to deepen our understanding of risk and resilience related to prenatal intrauterine environments, with its possible protective mechanisms and pathways to resilience. This research should include more prospective long-term studies that investigate how lasting the observed effects are and what conditions contribute to risk and resilience past childhood.
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Introduction
Stressful events that occur during a woman’s pregnancy likely influence the development of her unborn child. But can stress exposures that have occurred before the woman became pregnant – even as early as during her own childhood – also impact fetal development? We and others have previously considered this concept of the intergenerational transmission of preconception stress (Bowers and Yehuda 2016; Buss et al. 2017) which we will build upon and extend here.
The effects of stress on health and disease risk are well established and are known to be particularly pronounced when stress exposure occurs during sensitive developmental periods such as childhood (Heim and Binder 2012). Early life stress (ELS) encompasses exposure to various forms of severe stressors in childhood, including maltreatment, abuse, violence, neglect, and separation or loss of a parent. Experiences of ELS may become biologically embedded in the exposed individual via long-term or permanent alterations in neurological, endocrine, and immune systems. These alterations create a vulnerable phenotype, which, in interaction with genetic predispositions and/or later environmental conditions, may increase the risk for adverse mental and physical health effects. Increasing evidence suggests that these adverse sequelae of ELS may not be restricted to only their own life span but may be transmitted to the next generation.
This chapter provides a summary of the current knowledge about intergenerational consequences of maternal ELS with a focus on the intrauterine period as a window of transmission. We begin with an overview of the prevalence and long-term consequences of ELS and the key biological pathways that appear to mediate these consequences over the exposed individual’s life span. We then proceed to review the evidence supporting the concept that these adverse sequelae of ELS may also be transmitted across generations. We describe the environmental mechanisms that may underlie the intergenerational transmission of acquired phenotypes and focus on stress-related maternal-placental-fetal (MPF) gestational biology as a key pathway of transmission during the prenatal period of life. Next, we discuss the evidence for epigenetic inheritance through the maternal germline and briefly review the major elements underlying the postnatal intergenerational transmission pathways of ELS. Finally, we dedicate a paragraph to review the available literature on the intergenerational transmission of ELS that occurred during the father’s lifetime. We conclude by summarizing current knowledge gaps and discussing future research directions that warrant consideration to inform mechanism-based interventions aimed at breaking the cycle of intergenerational transmission of ELS.
Early Life Stress: Prevalence and Long-Term Consequences
A considerable number of children in our society experience adversity while growing up. Large population-based surveys in the United States and Europe suggest that about one-third of children experience some form of child maltreatment. When other forms of ELS are considered, this number rises to nearly one in two children affected. A significant proportion of children are victims of more than one form of ELS (Heim et al. 2019).
A large body of evidence from epidemiological and clinical studies suggests that exposure to ELS strongly and robustly increases the lifelong risk for many psychiatric disorders, including depression, anxiety, and substance abuse disorders, but also chronic physical diseases, including cardiovascular disease, obesity, diabetes, chronic pain, and autoimmune diseases, resulting in reduced longevity (Heim et al. 2019; Hughes et al. 2017; Norman et al. 2012). Often these disorders occur in comorbidity and manifest in response to acute stress later in life. This suggests that ELS induces a vulnerable phenotype in the exposed individual at the level of stress-regulatory systems with a decreased threshold for developing pathophysiological symptoms in relation to acute stressors in adulthood (Hammen et al. 2000). This notion is based on the concept of developmental origins of health and disease (DOHaD), which postulates that environmental influences such as adversity during sensitive periods of developmental plasticity can lead to profound and persistent changes in the developing brain and other regulatory systems with significant consequences for an individual’s short- and long-term health.
The examination of underlying mechanisms that mediate the detrimental and persistent impact of ELS on long-term health has offered rich insights on the brain and its regulatory outflow systems, i.e., the autonomic, endocrine, and immune systems. Studies in animal models involving prolonged maternal separation or naturally occurring low maternal care have provided direct evidence that ELS leads to structural, functional, and epigenetic changes in a connected network of brain regions that is implicated in neuroendocrine control, autonomic regulation, vigilance, emotional regulation, and fear conditioning. These neural changes converge into increased physiological and behavioral responses to subsequent stress (Anacker et al. 2014; Heim and Nemeroff 2001). Similarly, in humans, individuals exposed to ELS commonly exhibit structural and functional changes in these same brain regions associated with vigilance, emotional regulation, and neuroendocrine/immune control, as well as physiological changes including alterations of the hypothalamic-pituitary-adrenal (HPA) endocrine axis at multiple functional levels, decreased glucocorticoid receptor (GR) sensitivity, and systemic inflammation (Heim et al. 2019).
Brain regions involved in the processing and regulation of stress responses include the hippocampus, amygdala, and medial prefrontal cortex (PFC). These structures mature during the first years of life in an experience-dependent manner, i.e., they are shaped by experience. ELS may thus directly guide the development of these brain regions. In addition, elevations of cortisol or inflammatory cytokines that occur as a function of ELS may exert neurotoxic effects on these structures during development and across the life span. For example, the hippocampus, a structure that exerts important inhibitory regulation of hypothalamic corticotropin-releasing hormone (CRH) neurons, has a high density of GRs and is therefore particularly vulnerable to damaging effects of stress. In adults, small hippocampal volumes after ELS exposure have been observed in several studies. With respect to the amygdala, which plays a critical role in evaluating potentially threatening information, emotional memory, and processing, ELS has been associated with increased volume and activity in response to emotional threat. At the same time, volume of the PFC, which exerts inhibitory effects on the amygdala and hypothalamic CRH neurons, is decreased in adults with ELS, and decreased functional connectivity between the medial PFC and the amygdala has been reported after ELS in adolescents (Heim et al. 2019; Tottenham and Sheridan 2009). These findings together may reflect a loss of “top-down” control of emotional responses, fear learning, and stress responses, which may converge into heightened disease risk.
The capacity to respond to ELS with temporally stable physiologic and behavioral changes may be due to epigenetic alterations. A number of studies in animals as well as humans have shown that ELS can leave persistent epigenetic marks in the genome, which alter gene expression and can influence neurobiological substrates until adulthood (Provencal and Binder 2015). Of these epigenetic modifications, DNA methylation has been the most studied in relation to ELS. The addition of methyl groups to cytosines within cytosine-guanine (CpG) dinucleotides can reduce access of transcription factors to regulatory elements resulting in transcriptional repression (Murgatroyd et al. 2010). Hyper- as well as demethylation of specific regulatory sites in key genes for stress processing has been shown in association with postnatal stress experience in both the rodent and human brains. For instance, ELS has been associated with increased DNA methylation of the GR promoter in the hippocampus as well as reduced levels of GR mRNA which led to a decrease of NGFI-A transcription factor binding (Provencal and Binder 2015). Changes in DNA methylation in the context of early life adversity have also been investigated in another candidate gene, FKBP5, a key modulator of glucocorticoid signaling. ELS was associated with alterations in DNA demethylation in functional glucocorticoid response elements of FKBP5, and this association was moderated by a functional polymorphism of the FKBP5 gene, resulting in an increased risk for developing stress-related psychiatric disorders in adulthood (Klengel et al. 2013). The association between postnatal adverse experience and DNA demethylation of the FKBP5 gene has been replicated in several studies in children and adults (Provencal and Binder 2015). Overall, these studies demonstrating epigenetic alterations in the context of early adversity provide first insight into the molecular underpinnings of the long-lasting physiological changes that result from ELS exposure.
Intergenerational Transmission of Early Life Stress
The phenomenon of an intergenerational or transgenerational (i.e., spanning multiple generations) impact of environmental exposures has been observed in numerous species and taxa. The term describes the contribution of parental experiences, including during the preconception period, in shaping the development and phenotype of the offspring. Accumulating evidence suggests that the detrimental consequences of ELS exposure described in the previous section of this chapter may indeed be transmitted to the next generation, thus multiplying the number of affected individuals. Research in humans has mainly focused on the maternal line of transmission, i.e., it investigated the effect of maternal ELS exposure on the mental and physical health of her children, which will thus also be the thematic priority of this chapter. Evidence on intergenerational transmission of paternal ELS exposure is briefly discussed below (see section “Paternal effects”).
Empirical evidence shows that children of ELS-exposed mothers exhibit an increased risk for behavioral and emotional problems, e.g., externalizing problems, conduct disorder, disruptive behavior, negative emotionality, self-regulation difficulties, and internalizing problems (Buss et al. 2017). In addition, children of ELS-exposed mothers may also be at an increased risk of developing autism, as well as physical health problems and risk factors, including preterm birth, asthma, allergy, obesity, and smoking (Buss et al. 2017; Christiaens et al. 2015; Tomfohr-Madsen et al. 2016). Several studies also report alterations in the physiological stress measures (e.g., increased cortisol concentrations (Brand et al. 2010)) in fetuses and infants of ELS-exposed mothers. While children of mothers who experienced ELS are at increased risk of becoming victims of ELS themselves (e.g., Berlin et al. 2011), several studies report that the observed effects of maternal ELS on child health are independent of any direct adverse experiences (e.g., maltreatment) of the child (Buss et al. 2017). Because women exposed to ELS have a higher risk for postpartum depression and bonding/parenting difficulties (Kendall-Tackett 2007), ELS exposure may have direct implications for parenting behavior and consequently the caregiving environment. Thus, the postpartum period has been the focus of the majority of studies discussing potential transmission pathways (see Sect. Maternal Postnatal Environmental Effects). The intrauterine period of development is another important window of transmission because during this period, the developing fetus exhibits particularly high plasticity and sensitivity to environmental cues (Buss et al. 2017). Our observation, that maternal ELS predicts offspring brain volume measured shortly after birth when postnatal influences have not yet exerted an effect, supports the notion that maternal ELS gets transmitted to her offspring already during intrauterine life (Moog et al. 2018).
Pathways of Intergenerational Transmission of ELS
The observation of physiological or psychological changes in the offspring that are phenotypically similar to those in the parent generation can be either due to shared genetic factors or to environmental mechanisms that affect both generations in a similar manner or a combination of both. The independent contribution of genetic variation for most complex common traits including psychopathology appears to be relatively modest (Lee et al. 2013; Wray et al. 2012). However, certain genetic variants have been identified that appear to exacerbate the neurobiological consequences of ELS (e.g., Klengel et al. 2013); if these variants are inherited by the offspring, this genetic predisposition may render this subgroup of children more susceptible to the adverse sequelae of exposure to maternal ELS.
Broadly, three main mechanisms are discussed as environmental mediators of the intergenerational transmission of characteristics and states:	1.
Alterations in gestational biology, with the developing feto-placental unit sensing and responding to biological cues in the maternal compartment that reflect the long-term biological, psychological, biophysical, or behavioral effects that ELS-exposed women may bring to their pregnancy.

 

	2.
ELS-related alterations in the germ line (epigenome, mitochondria) that are retained or re-established in the embryo post fertilization.

 

	3.
ELS consequences may be transmitted across generations by ELS-associated altered maternal behavior.

 




Alterations of the Gestational Biological Environment
It is well established that most, if not all, complex traits exhibit developmental plasticity, i.e., a range of different phenotypes can be expressed from a given genotype via context-dependent adaptations. The fetal or developmental origins of health and disease concept describe the process by which the developing embryo/fetus seeks, receives, and responds to signals from the gestational environment during sensitive periods of cellular proliferation, differentiation, and maturation. This process results in structural and functional changes in cells, tissues, organ systems, and homeostatic set points that may, independently or through interactions with subsequent developmental conditions, have long-term or even permanent consequences for health and disease susceptibility. Since there are no direct vascular or neural connections between the maternal and fetal compartments, all exchange and communication are mediated by biological processes via the placenta. The developing fetus senses and incorporates information about the nature of its environment in part via the same biological systems that mediate adaptation and central and peripheral responses to endogenous and exogenous stress in later life (i.e., the maternal-placental-fetal neuroendocrine, immune, metabolic, and oxidative-stress-related systems (Entringer et al. 2015)). Thus, the same stress-related biological alterations that are common consequences of ELS may serve as key physiological pathways mediating the effects of intrauterine perturbations on fetal development and long-term disease risk. Although pregnancy itself is known to produce major alterations in maternal central and peripheral physiology, these ELS-related alterations could spill over into gestational biology when ELS-exposed women become pregnant.
Indeed, accumulating evidence suggests that physiological alterations that are common sequelae of ELS in the nonpregnant individual may be carried forward into the period of pregnancy and may thus have the potential to alter fetal developmental trajectories. For example, pregnant women with ELS exposure exhibit a significantly higher cortisol awakening response and increased concentrations of cortisol in hair compared to pregnant women without a history of abuse (Bublitz and Stroud 2012; Schreier et al. 2015), exhibit elevated concentrations of pro-inflammatory mediators (Mitchell et al. 2018), have a higher risk for subclinical hypothyroidism during pregnancy (Moog et al. 2017b), and exhibit a steeper increase of placental corticotropin-releasing hormone (CRH) across pregnancy (Moog et al. 2016). Maternal ELS also has been associated with shorter placental telomere length at birth, an indicator of placental ageing, which moderated the effect of ELS on offspring physiologic development (Jones et al. 2019). In addition, pregnant women with a history of ELS are more likely to develop conditions in pregnancy such as depression (Choi and Sikkema 2016), sleep disturbances (Gelaye et al. 2015), and certain obstetric complications (Cammack et al. 2011; Mason et al. 2016) that, again, may be associated with alterations in gestational biology (Entringer et al. 2010).
In addition to maternal-placental-fetal (MPF) endocrine and immune stress biology, the mode of transmission may involve alterations in maternal microbiota. In a study with pregnant women, ELS was associated with alterations in gut microbiome composition, which, in turn, were associated with altered maternal glucocorticoid and inflammatory response to stress (Hantsoo et al. 2019).
The above-mentioned stress-related MPF biological processes play an essential and obligatory role in orchestrating normal developmental events underlying cellular growth, replication, and differentiation in the brain and peripheral tissues (Entringer et al. 2010). Given their crucial role in fetal development, inappropriate levels of these endocrine and immune mediators may therefore exert detrimental effects on fetal developmental outcomes, especially the fetal brain that undergoes rapid development during the intrauterine period of life and is therefore particularly vulnerable to organizing and disorganizing environmental effects. The neurodevelopmental consequences of exposure to elevated concentrations of endocrine and immune stress mediators include changes in cell proliferation, neuronal differentiation and gliogenesis, availability of neurotrophic growth factors, cell survival, synaptogenesis, neurotransmitter levels, myelination, and adult neurogenesis (Buss et al. 2012a, b). Such effects on neurodevelopmental trajectories may then modulate an individual’s propensity for subsequently developing neurodevelopmental and psychiatric disorders.
Indeed, a vast body of literature exists in humans investigating the association between fetal exposure to perturbations in the activity of the maternal HPA axis, immune system, and thyroid function among others and the risk of developing a range of neurodevelopmental outcomes and diseases, which bear a striking resemblance to the outcomes observed in children born to ELS-exposed women. A comprehensive review of the existing literature is beyond the scope of this chapter; however, some exemplary findings are described below. For example, maternal cortisol concentrations during pregnancy have been associated with alterations in limbic structures, cortical thickness, and neural connectivity in the offspring, with implications of each of these outcomes for emotional problems or cognitive function (Entringer et al. 2015). Furthermore, increased IL-6 concentrations across pregnancy have been associated in newborns with changes in amygdala volume, as well as functional connectivity, which, in turn, was associated with impairments in executive functions in later infancy, a phenotype that underlies many emotional and behavioral problems (Graham et al. 2018). A moderate deficiency of maternal thyroid hormones during pregnancy has also been repeatedly associated with cognitive delay as well as an increased risk for neurodevelopmental disorders and emotional and behavioral problems in the offspring (Moog et al. 2017a). A more detailed overview of the effects and mechanisms by which fetal exposure to inappropriate concentrations of endocrine (see Chap.3 “The Developmental Effects of Prenatal Maternal Stress” and Chap.4 “Prenatal Programming in the Fetus and Placenta”) and inflammatory factors (see Chap. 7 “Immune Models and Mechanisms”) may impact brain development and other systems is also discussed elsewhere.
Epigenetic and Mitochondrial Alterations in the Maternal Germ Line
Another theoretical mechanism through which ELS effects may be transmitted across generations is the inheritance of altered epigenetic information through the germ line. Whether the germ line epigenome can be altered by environmental conditions such as ELS, the extent to which these alterations, should they exist, are transmitted to the next generation and contribute to phenotypic development in humans is currently a subject of intense debate and scientific interest (Radford 2018). In mammals, epigenetic modifications are almost completely erased between generations in two extensive reprogramming events. The first phase occurs in developing primordial germ cells during the first half of the parents’ gestational period. Epigenetic modifications are then reapplied in a sex-specific manner during germ cell growth (Radford 2018). The second phase of genome-wide reprogramming occurs in the earliest stages of embryonic development (i.e., immediately after fertilization) to enable totipotency from the two differentiated germ cells. However, reprogramming in both humans and rodents appears to be incomplete. Certain regions are partially resistant to the erasure of epigenetic modifications, particularly during the second phase of reprogramming which is less extensive than the reprogramming event during germ cell development. For instance, germ-line differentially methylated regions (gDMRs) responsible for imprinting are protected from reprogramming during the second phase but not during the first. However, most regions that resist reprogramming in primordial germ cells also resist full erasure in the early embryo (Radford 2018). It is therefore theoretically possible for an environmental challenge in early life to alter the epigenetic state of certain genomic regions, which could then be inherited, persist through reprogramming in the early embryo, and potentially affect the developing individual’s susceptibility for health and disease.
As mentioned above, in humans, the oocyte pool is established during gestation and remains in meiotic arrest until recruited to begin development, which can occur several decades later. Thus, the oocyte represents a long-lived, permanent cell population that could be a target for exposure to environmental stimuli. The processes of oocyte maturation and potentially the accumulation of its epigenetic characteristics on histones and DNA depend, in part, on the milieu of the follicular fluid in which oocytes are suspended (Gu et al. 2015). Environmental conditions such as maternal obesity and stress (both well-established sequelae of ELS exposure) have been demonstrated to alter follicular fluid composition (e.g., increased glucose levels leading to elevated levels of intra-oocyte oxidative stress), which, in turn, is associated with changes in oocyte quality (Bausenwein et al. 2010; Zhou et al. 2012). These and other ELS-associated biological changes in the maturational environment of the oocyte may thus induce epigenetic alterations in the mature oocyte, which could then be maintained throughout embryogenesis, either involving resistance of epigenetic marks to DNA demethylation in the fertilized zygote or the inheritance of other epigenetic mechanisms, like histone-mediated chromatin alterations or small non-coding (snc) RNAs.
While there is increasing evidence for true epigenetic inheritance via the paternal germ line (see section “Summary and conclusion”), to our knowledge, there is no study to date directly showing the inheritance of epigenetic marks via the maternal germ line. However, some studies exist that provide indirect evidence for an epigenetic contribution to transgenerational effects. For instance, female rats that underwent chronic unpredictable stress in adulthood showed an increase in CRF1 mRNA in the frontal cortex as well as in mature oocytes. The effects on brain CRF1 expression persisted into the next generation and were associated with behavioral abnormalities (Zaidan et al. 2013). In humans, the prevalence of urogenital malformations was increased in unexposed grandsons of women who had been exposed to diethylstilbestrol, a synthetic estrogen, in utero, also suggesting an epigenetic effect (Kalfa et al. 2011).
Another possibility through which ELS effects may be transmitted intergenerationally involving epigenetic mechanisms is via de novo production of epigenetic marks very early in embryonic development. The epigenome is particularly susceptible to environmental factors during embryogenesis due to the high rate of DNA synthesis and the establishment of DNA methylation patterning and chromatin structure as a function of normal tissue differentiation. Of particular interest are methylated regions that are highly variable between individuals with little within-individual variation (metastable epialleles), which are established very early during development (Dolinoy et al. 2007). Increasing evidence in human subjects suggests that the periconceptional environment, including nutritional status, can have a permanent, systemic effect on the epigenotype at metastable epialleles (Dominguez-Salas et al. 2014), which may be reflected in the phenotype (Kühnen et al. 2016) (see also Chap. 5 “Epigenetic Effects of Prenatal Stress”).
Aside from epigenetic alterations, mitochondrial quantity and quality may have a role in the transmission of ELS effects via the maternal germ line. Mitochondria are physically passed from the oocyte to the fertilized zygote and divided among the early embryonic cells, including the primordial germ cells, before mitochondrial biosynthesis takes up again after the blastocyst stage (Shoubridge and Wai 2007). Animal studies have provided evidence that variations in maternal body composition and external stressors may affect mitochondrial number and/or function in the oocyte with effects on metabolic function of the developing embryo (Igosheva et al. 2010; Roth 2018). These findings suggest that mitochondrial function in germ cells is sensitive and responsive to the periconceptional environment and that these effects may persist in somatic tissues and alter long-term health and disease risk across multiple generations.
Maternal Postnatal Environmental Effects
In addition to and in interaction with the prenatal environment, the quality of the child’s postnatal environment may mediate the intergenerational transmission of the effects of maternal ELS exposure. Because the brain maintains a high degree of plasticity after birth, with especially rapid changes occurring over the first 2 years of postnatal life, a nurturing postnatal environment may exert beneficial effects on the developing brain and even partially mitigate the deleterious effects of a suboptimal intrauterine environment (Buss et al. 2007). Unfortunately, there is an increased likelihood that the suboptimal intrauterine environment of children of ELS-exposed mothers is followed by an unfavorable postnatal environment characterized by higher levels of maternal depression, suboptimal parenting, and abuse experience (Buss et al. 2017), all of which constitute risk factors for child neurodevelopmental and psychiatric (Heim and Binder 2012) as well as somatic disorders (Hughes et al. 2017).
Moreover, the ELS-associated intrauterine alterations discussed previously (see section “Alterations of the gestational biological environment”) may adversely impact the same maternal and child characteristics that determine the quality of the postnatal mother-child relationship, i.e., maternal sensitivity and newborn temperament. ELS-related oxytocinergic dysregulation has been observed in nonhuman primates (Winslow et al. 2003) as well as humans (Heim et al. 2009), which may be a mediating factor for the observed ELS-associated suboptimal parenting behavior (e.g., Rijlaarsdam et al. 2014). Oxytocin is a major modulator in neural circuits underlying parenting behaviors, attachment, stress reactivity, and risk for psychiatric disorders such as postpartum depression. Oxytocinergic adaptations in preparation for motherhood are initiated during pregnancy itself and may be altered by ELS-associated gestational changes with important consequences for maternal sensitivity in the postnatal period (Toepfer et al. 2017). Importantly, it is not only characteristics of the mother but also those of her child that directly affect the nature and quality of their interaction. Infant temperament, a well-established contributor to the quality of the postnatal mother-child relationship, has been shown to be shaped by the intrauterine environment (Davis et al. 2007), suggesting that ELS-associated alterations of the intrauterine environment may underlie observations between maternal ELS exposure and offspring difficult temperament (Bouvette-Turcot et al. 2015), which may further elicit suboptimal maternal parenting behavior. Thus, the quality of the postnatal mother-child relationship – a major determinant of healthy child development – may be conditioned partly upon the quality of the intrauterine environment via its effects on maternal parenting behavior and on infant temperament (see also Chap. 12 “Gestational Stress and Parenting”).
In addition to the above-discussed indirect postnatal pathways of transmission, there is also the possibility of direct postnatal biological transmission from a mother to her child, for example, via the contents of breast milk and/or the exchange of microbiota. In animal models, maternal stress has been demonstrated to affect breast milk cortisol concentrations (Hinde et al. 2015), as well the composition and diversity of the vaginal microbiome (Jasarevic et al. 2015). Transfer of these biological alterations onto the offspring may have important implications for their developmental trajectories and health (see also Chap. 8 “The Microbiome-Gut-Brain Axis”).
Paternal Effects
Much of the research on the intergenerational transmission of ELS effects and other environmental exposures has been directed at the maternal environment and the role of prenatal and postnatal mother-infant interactions. However, interest in the effects of male life history on the development of their offspring has continuously increased. In humans, retrospective epidemiological studies provide evidence linking stress exposures in males with disease risk in subsequent generations. For instance, lower glucocorticoid receptor sensitivity and increased methylation of the NR3C1 promoter region were observed in the adult offspring of male Holocaust survivors (Yehuda et al. 2014). Another study found a 34% increased risk for neurodevelopmental delay at 2 years of age for each additional paternal adverse childhood experience (Folger et al. 2018). In mice, paternal ELS (unpredictable maternal separation and stress) has been associated with behavioral deficits, including depressive-like behavior, decreased stress sensitivity, and social defects in the offspring (Franklin et al. 2011; Gapp et al. 2018). These effects were accompanied by altered gene expression in the offspring brain (Franklin et al. 2011). In addition, paternal preconception social defeat, chronic stress, nutrition, and exposure to drugs have all been demonstrated to have effects on offspring physiology (e.g., alterations in stress reactivity and metabolic functioning) and/or behavioral changes (Chan et al. 2018). Of note, increased adult stress/psychopathology, changes in nutritional patterns, and drug/alcohol use are common sequelae of ELS exposure and may thus have a role as mediating pathways between ELS and offspring outcomes.
Similar to maternal effects, several mechanisms could be driving the observed effects of paternal life history on offspring health. In biparental species, such as humans, where there is significant involvement of fathers in postnatal care, it is possible for paternal experiences to impact offspring development through similar postnatal behavioral pathways to mothers. These pathways will not be discussed further here. Instead, we will focus on two potential paternal transmission pathways that may be involved in intergenerational effects observed under conditions where paternal contact with the offspring is limited or even absent: (a) male-induced maternal effects and (b) epigenetic and direct biological effects.
As discussed previously, exposure to ELS can have enduring effects on physiology and behavior. These phenotypic effect in males may serve as a multisensory cue of mate quality to the female (Champagne 2002). Interestingly, in the animal model, the perceived quality or attractiveness of a male mate has been shown to influence the level of maternal investment in the offspring. In general, males exposed to adverse environmental stimuli (e.g., predator odor, in utero food restriction) appear to be less preferred as mates, which, in some cases, is also associated with reduced or increased maternal postnatal care or even altered behavior during gestation such as increased food intake (Champagne 2002). In humans, a male partner may also be an important source of stress or stress-relief to a woman during pregnancy, depending on partnership quality, thereby also influencing maternal psychosocial state and likely gestational biology (Stapleton et al. 2012). In addition, limited evidence exists for a direct paternal effect on the gestational biology via sperm and seminal fluid and/or the transfer of male microbiota through sexual intercourse (Gajer et al. 2012; Watkins et al. 2018).
In recent years, particular interest has been placed on the transgenerational epigenetic inheritance of stress effects through the paternal germ line, and several studies have provided conclusive evidence that, at least in the animal model, this form of transmission is possible. Animal models of stress transmission have found that in male mice exposed to chronic stress or odor-paired fear conditioning have alterations in several epigenetic marks in their germ cells, including changes in DNA methylation and alterations in specific sncRNA (Dias and Ressler 2014; Rodgers et al. 2013). The offspring of these stressed mice show behavioral and physiological (mostly metabolic) alterations even in the absence of any contact between fathers and their progeny. Importantly, these offspring alterations remain present even when male contact with the female is completely abolished, i.e., when IVF is performed or when RNA from the sperm of a stress-exposed male is injected into the zygote of naive parents (Gapp et al. 2018; Rodgers et al. 2015). However, not all of the effects are recapitulated with IVF or RNA injection which suggests that transmission has to occur via at least one additional route (e.g., indirectly via maternal behavior) (Gapp et al. 2018). In humans, exposure to childhood abuse has also been associated with alterations in sperm methylation patterns (Roberts et al. 2018), which suggests that this mode of transmission of ELS effects may also be relevant for the human population.
Summary and Conclusion
The summary of the current state of knowledge provided in this chapter supports the notion that events that occurred during a pregnant woman’s lifetime may influence the developmental trajectories of her offspring – directly through inheritance of epigenetic marks or mitochondria or indirectly via changes in the gestational biology or the postnatal environment. The different pathways are likely to be connected through complex interactions. For example, transmission may occur via different pathways simultaneously, which may exacerbate the effects. On the other hand, an optimal postnatal environment may mitigate some unfavorable effects of gestational biology. Importantly, increasing evidence suggests that intergenerational transmission of ELS may also occur via the paternal line, which further complicates the issue and makes it difficult to disentangle the specific effects of individual physiological and psychological sequelae of ELS. To address these difficulties, insights from animal models are needed for gaining a better understanding of the biological mechanisms that underlie the intergenerational transmission of parental ELS experience. However, they also have some limitations. There is considerable across-species variation in gestational physiology, and appropriate animal models for certain abuse experiences such as sexual abuse are lacking. Thus, human studies are warranted that systematically characterize the gestational and postnatal environment in which offspring of ELS-exposed mothers and fathers develop. In these ways, a better understanding of the independent and interactive contribution of specific maternal and paternal ELS-associated alterations in the periods before, during, and after gestation will set the stage for clinical and translational research, with important implications for early identification of vulnerable populations, preferably before conception, and prevention aimed at breaking the vicious cycle of intergenerational transmission of the adverse consequences of ELS.
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Introduction
The notion that early experiences and exposures may have lasting influences on child and adult health has a long history. In recent years, interest in the hypotheses and applications derived from this notion have expanded considerably with the construction of conceptual models such as the Developmental Origins of Health and Disease (DOHaD) (Barker 1993, 1997; Gluckman and Hanson 2005; Godfrey et al. 2010; Hales and Barker 1992; Hanson and Gluckman 2011; Jones et al. 2011) and in response to the sizable evidence base from investigations into the long-term effects of Adverse Childhood Experiences (ACE) (Felitti et al. 1998). What distinguishes this line of work is the hypothesis that early exposures may have a privileged – or at least different – effect on biological systems because of when they occur in ontogeny. Clinical and public health implications of these models and findings are obvious and substantial because they suggest that the timing of interventions may be as important as their content.
Prenatal maternal anxiety or stress has emerged from the experimental animal and human literatures as a leading example or paradigm of prenatal developmental programming of child health outcomes. (Henceforth, we use the term “prenatal anxiety or stress” but recognize that the risk phenotype is likely broader, e.g., to include depression and trauma, and that the specific nature of the risk phenotype is somewhat uncertain; this is discussed briefly in a subsequent section.) Influences on conceptual models, research agendas, and clinical and public health decision-making are apparent, and extend increasingly from high-income countries to low- and middle-income countries (Glover et al. 2018). The current volume reflects this influence, excitement, and significance.
The hypothesis that the mother’s psychological state in pregnancy may influence the health of the baby has a cultural history (Sontag 1941) and generated numerous programmatic studies (Ader and Plaut 1968; Hockman 1961; Joffe 1965; Keeley 1962) that continue to drive contemporary research (Henry et al. 1994; Matthews et al. 2002; Schneider et al. 1998; Wilson et al. 2012). In broad terms, the hypothesis as now constructed proposes that prenatal maternal anxiety or stress is associated with altered maternal biology; historically, the focus had been on the association between prenatal maternal anxiety or stress and cortisol, a downstream product of the HPA axis, but many physiological candidates with potential impact on fetal/child development might be identified. Furthermore, this altered physiology is communicated to the fetus to shape fetal brain and somatic development directly by maternal transfer or indirectly by altering placental function. There is an additional component that states that the fetal period is a sensitive period for programming, so that alterations or adaptations during this period would have particular carry-forward effects on child and adult health.
As numerous reviews of the human evidence indicate, fundamental questions remain about which specific early exposures confer risk, how widespread these effects may be, when in development exposure may have a significant and lasting influence, and the mechanisms of effects. Nonetheless, as this volume attests, and reflecting decades of experimental animal data, the breadth of effects of human health and development associated with prenatal maternal anxiety or stress is striking. That now includes immune health of the child, the target of this chapter.
Special and Distinguishing Features of the Developmental Programming Model for the Study of Child Immune and Health Outcomes
A key conceptual principle undergirding the research on maternal prenatal anxiety and stress on child health outcomes is that fetal biology adapts to early environmental exposures because they signal subsequent environmental demand; adaptations reflect responses that may be most fitting for health and perhaps especially reproductive success (Dantzer et al. 2013). Fetal programming or the predictive adaptive response (Gluckman and Hanson 2005) implies a developmental plasticity – a plasticity that can adapt to early exposures and can account for subsequent individual differences in health outcomes. The notion that the fetus adapts to early exposures underscores the importance of organism-environment transactions and distinguishes the model’s focus on normative individual differences and on the fit between the organism and its environment (or the organism’s preparedness for its later environment). One corollary of the model is that there may be costs to later health outcomes associated with fetal programming, and this may depend on the subsequent fit between the adaptations made and the nature of subsequent environmental demands.
Integrating adaptation and an evolutionary framework in the programming model necessitates at least two further considerations. One is the conceptual distinction between the programming model and other models emphasizing the long-term impact of early exposures and experiences. Specifically, a sensitive (and particularly a “critical”) period model proposes that there exists an ontogenetic period in the organism’s development in which certain specified essential input is needed for normal development to proceed. That is straightforwardly distinguishable from the programming hypothesis – conceptually if not always empirically. A conceptual differentiation between programming and a second alternative, the teratology model, is somewhat more complicated – perhaps especially for child immune and health outcomes. Teratology focuses on the (early) factors that shape frankly abnormal (physiological) development, including congenital malformations (rather awkwardly, teratology’s etymological roots include allusions to “marvels and monstrosities”). Clear examples include prenatal exposure to a variety of chemicals and other environmental toxicants which predict poor health outcomes because of damage or disruptions to cells and tissues and not because of adaptations or programming (Insel et al. 2008; Opler et al. 2008; Perrin et al. 2007; Watson et al. 1999). Well-known recent examples include in utero exposure to diethylstilbestrol (DES), and historical examples include the absence of vitamin A (Hale 1935). Although the bulk of research on prenatal maternal anxiety or stress as a “programming” influence targets individual differences in child outcomes, there are – consistent with a teratology model – suggestive data for congenital disorders, as in the case of a large Danish study of cerebral palsy (Li et al. 2009). It is worth noting that, alongside physical agents, metabolic conditions, and drugs/chemicals, infection is one of the four common classes of teratogens. Prenatal infection is of special interest when considering child immune outcomes – if only because it may be confounded with maternal prenatal psychological health (Blackmore et al. 2011; Christian et al. 2009), and may pose a significant confound for understanding how prenatal maternal anxiety or stress may shape child health.
In other words, there is conceptual uncertainty about how best to conceptualize the effects induced by maternal prenatal anxiety or stress on the child’s developing immune system: a programming mechanism might be proposed, but the operationalization of a programming effect needs a more careful discrimination from a teratology-like model. Also needed in this discussion is the consideration of the maternal immune activation (MIA) model. Research into the MIA model is focused on the prenatal maternal immune system and how prenatal maternal inflammation indexed by pro-inflammatory cytokines may be associated with compromised neurodevelopment; the application to the MIA model to the fetal and child immune system is obvious. Nonetheless, research on prenatal maternal infection is largely separate from the programming literature on prenatal maternal anxiety or stress, perhaps because of the difficulty linking the MIA model and mechanisms to the programming framework, as suggested above. In any event, the MIA model has considerable empirical support in the animal literature (Garay et al. 2013; Malkova et al. 2012) and important support in human studies (Atladottir et al. 2012; Brown et al. 2004). Research is underway that considers child immune outcomes in the context of both the prenatal maternal anxiety and stress programming model and the MIA model, and will be instructive.
Lastly, interpretation of an evolutionary basis of prenatal programming of immune outcomes requires further development. There is no question that the developing immune system adapts to exposures – that is what it is designed for – but we are some way short of understanding how early adaptations that may occur in the context of prenatal maternal anxiety or stress may benefit postnatal “fitness” as implied by the programming hypothesis. One hypothesis is that prenatal maternal anxiety or stress may be associated with differentiation of CD4+ T cells to favor a type 2 response in the infant (O’Connor et al. 2013; Ota et al. 2004), which would also account for an association between prenatal anxiety and asthma and related immune outcomes (Cookson et al. 2009; Hartwig et al. 2014; Khashan et al. 2012; Wright et al. 2010); this is discussed in more detail below. For application to a programming model, what is needed is a compelling account of how prenatal maternal anxiety or stress induces an adaptive immune response in the child – rather than, for example, simply a weakening of the immune response (which would not seem advantaged in any environment). As described below, evidence is accumulating and may provide a refined understanding of why prenatal maternal anxiety or stress may shape child immune outcomes.
Operationalizing and Testing the Prenatal Maternal Anxiety and Stress Hypothesis for Child Immune and Health Outcomes
Although compelling in its empirical support and in the way that it places human developmental biology in an evolutionary context, the developmental programming model that underlies the prenatal maternal anxiety and stress exposure research as it has been practiced on human health is limited in several ways. One is the uncertainty regarding the “width” of the programming window. One question about the timing is the matter of when in pregnancy exposures may have the most “programming” effects. That has proved to be a methodological challenge for human research because of the inability in human studies to de-confound timing-related constructs such as onset, offset, and chronicity of a stressor – and the further confound of severity. Reliance on animal studies to help address this matter for human health is particularly fraught, as discussed below. Perhaps more fundamental is the consideration of both prenatal and postnatal exposures in the context of the programming window. For example, the thrifty phenotype hypothesis, which derives from the fetal programming model, proposes that poor prenatal nutrition in early life will influence the glucose-insulin metabolism of the fetus in preparation for a poor postnatal nutritional environment (Hales and Barker 2001; Silveira et al. 2007). Judging an organism’s prenatally programmed fitness therefore requires an assessment of exposures in the postnatal environment and the degree to which there is a suitable “match” (Godfrey et al. 2007). This consideration of the postnatal environment, which is essential for interpreting the prenatal programmed effect, is not widely practiced.
Careful inspection and characterization of the postnatal environment is required to correctly estimate (e.g., not over-attribute) the magnitude of prenatal predictions. To propose that there may be prenatal influences on, e.g., child immune outcomes, is not necessarily to say that there are not also postnatal influences which have independent or modifying effects on prenatal exposures. This will be an obvious consideration for child immune and health outcomes. The immune system at birth is evident but particular, having been adapted to life in the mother, and develops rapidly upon exposures to postnatal pathogens – as well as the busy vaccination schedule. It hardly requires stating that a focus on prenatal influences on child immune health cannot be complete but must also attend to the obvious and substantial impact of postnatal exposures on the child’s developing immunity. Some of these are complex. For example, the role of breastfeeding on the child’s immune system development is clear, but it is interesting to note that breast milk from obese mothers may also have pro-inflammatory properties (Panagos et al. 2016). What is needed is research to examine if prenatal and postnatal exposures represent distinct risks and/or if postnatal exposures modify prenatal risk exposure; examples of each of these kinds of effects have been reported for prenatal maternal anxiety or stress on child cognitive and behavioral outcomes (Bergman et al. 2010; Bergman et al. 2007).
Consideration of prenatal effects presumes that the system of interest is developing and susceptible in utero. So, for example, for a prenatal maternal anxiety or stress study of child neurodevelopment, it is necessary to consider in utero ontogenetic changes and susceptibility to prenatal maternal signals and exposures. That requirement poses particular challenges for the study of prenatal influences on the child immune system given questions about the developing fetal immune system. Efforts and answers are evident (Gaillard et al. 1993; McGovern et al. 2017; Mold et al. 2008), as is progress in understanding what that means for the health of the baby and mother (Nelson et al. 1993). This important point is picked up in detail in a subsequent section.
There is then the matter of the risk exposure phenotype. As will be evident from a review of the available studies, “prenatal stress” or “prenatal anxiety” has been variously operationalized across studies. To be sure, to some extent that is a strength, as it implies that an effect is not particular to a measure or measurement strategy. On the other hand, it does raise some question about the rigor and reproducibility of effects. There may be good reasons why measures of prenatal life events stress, daily hassles, pregnancy-specific anxiety, trauma, continuously measured traits of anxiety or depression, or diagnoses of anxiety and depression might yield somewhat different effects on child outcomes. The problem is when the full complement of significant and nonsignificant associations is not reported and leads to uncertainty about robustness of associations. Parallel concerns might be raised for the biological mechanism most widely studied with respect to prenatal maternal anxiety or stress, the prenatal maternal HPA axis. There is a wide variation in how this putative mechanism has been studied, even if the studies are limited to cortisol (they range from single-point assessments in the morning, day, or evening from saliva or urine to the much preferred but more burdensome diurnal assessments; reactivity measures are also used). At this stage of the science, it is now necessary to differentiate variability in methodology that implies robustness from variability that implies unreliability. Progress in this area will also require greater attention to exposures that overlap with and confound whatever effects prenatal maternal stress or anxiety may have on child immune outcomes, including prenatal diet, pollution exposure, and illness and infection.
A further consideration is that most current work on prenatal anxiety or stress as a possible programming exposure focuses on a singular mechanistic biological pathway. This singular focus is incompatible with the multitude of health outcomes linked to early environmental influences; furthermore, the interdependent nature of the stress response with other systems (endocrine, metabolic, and immune) means that no single system or mechanism provides a sufficient explanation for such complex and multi-determined phenotypes – such as immune system development, neurodevelopment, obesity, or other health outcomes linked with prenatal maternal anxiety or stress. For example, there is growing evidence that leptin, a hormone produced by adipocytes that regulates energy balance and so is central to obesity, is also an immunomodulator that increases IL-6 production in the brain (e.g., Tang et al. 2007; Vuolteenaho et al. 2009). Accordingly, analysis of metabolic markers such as leptin also require consideration of inflammatory markers such as IL-6, and vice versa.
Particularly interesting will be the extension of research on the role of the placenta in prenatal maternal anxiety or stress and child development. The placenta plays a central role in defining and gatekeeping early exposures by virtue of its role in transporting nutrients and waste products between mother and fetus and providing a source of peptide and steroid hormones that influence fetal and maternal metabolism. Its role in research on early exposures is epitomized by the fact that it is the only fetal organ that can be extensively interrogated. The placenta’s role in fetal programming is widely discussed (Godfrey 2002; Jansson and Powell 2007; Myatt 2006; Romero et al. 2007) although its empirical, measured role is largely missing in studies of child and adult health outcomes. Several candidate mechanisms in the placenta warrant particular attention. One example is the finding that maternal prenatal anxiety may increase the permeability of the placenta to cortisol (Glover et al. 2009). Direct evidence from our prior work indicated that elevated prenatal maternal anxiety was associated with lower levels of the barrier enzyme 11β-HSD2 in placentas taken from women who had an elective caesarean birth (O’Donnell et al. 2012) – the effect of which would be greater cortisol exposure to the fetus. Prenatal maternal anxiety may not be the only exposure regulating this enzyme. Prenatal diet may alter the activity of this enzyme; one study linked a specific dietary intake to child HPA axis function (Raikkonen et al. 2010). Although 11β-HSD2 is probably the most popular way in which the placenta has entered into research on fetal programming (Cottrell and Seckl 2009; Harris and Seckl 2011), there are other placental mechanisms that may be as relevant but have attracted less systematic longitudinal research, such as blood supply (Monk et al. 2012; Teixeira et al. 1999), placental size and vasculature (Misra et al. 2010, 2012), inflammation (Chau et al. 2014; Freeman 2003; Patrick and Smith 2002), and steroid hormone production. The placenta, as interrogated only at birth, cannot provide a summative index of all prenatal exposures and their timing. Nonetheless, there is no question that any hypothesis or causal mechanism implying a prenatal influence must include the placenta directly; ignoring placental mechanisms will mis-specify the nature of prenatal influences (see also Ch. 4, Prenatal Programming in the Fetus and Placenta).
Empirically less well-developed but nonetheless provocative is the possibility that events and exposures affecting the mother prior to pregnancy may shape maternal biology in pregnancy, with consequential effects for the developing fetus and child. The concern here is that what the mother brings to the pregnancy, in the form of life-course exposures and their effect on maternal biology, may shape the prenatal environment of the child, with potential long-terms effects on child health outcomes. Probably the most well-known example of this is the associations between prepregnancy BMI and the health of the pregnancy and obesity risk in the child (Bodnar et al. 2015; Guerra et al. 2013; Huang et al. 2014; Ovesen et al. 2011; Wylie et al. 2015; Yu et al. 2013). A second example, of particular importance given our focus on immune health, is the work showing that prepregnancy trauma predicts inflammation in pregnancy (Blackmore et al. 2011) and may increase risk for obstetric and perinatal problems, which may compromise child (immune) health outcomes. These kinds of findings underscore the need for a life-course approach to maternal health that predates pregnancy and may add substantial leverage to understanding the influence of prenatal factors on child health, and possibly alternative targets and strategies for preventive interventions (see also Ch. 6, Intergenerational Transmission of Parental Early Life Stress).
A final conceptual-methodological consideration is the symmetry between preclinical and clinical studies. Undoubtedly, the current enthusiasm for the possible role of maternal prenatal anxiety or stress on child development represents a clear victory for translational research. On the other hand, problems in applying the animal findings to humans is sometimes underappreciated. So, for example, there are particular and significant difficulties in making inferences about sensitive periods across species (Berardi et al. 2000), perhaps especially for socialization outcomes (Ramey and Sackett 2000). Biological bases for problems in translating findings across species take many forms, including the varying maturity of the offspring and brain size at birth (Coe et al. 2003; Matthews 2000). There is also cross-species variation in the ease with which glucocorticoids cross the placenta (e.g., Challis et al. 1995), and differential distribution of receptors involved in regulating stress in rodents and primates (Sanchez et al. 2001). Other challenges include cross-species differences in placental steroidogenesis (Malassine et al. 2003) and incompatibility in linking immune genes between the mouse and the human (Seok et al. 2013). In the case of assessing the developmental origins of the immune system, there are also established cross-species (certainly mouse-human) differences which impair translation. For example, in mice T-cell development occurs postnatally, but mature T cells have been detected in the human fetus in the first trimester (Haynes et al. 1988). There are also problems in translating prenatal anxiety or stress paradigms. The most obvious of these is that whereas experimental animal research relies on precisely timed and titrated prenatal stress exposures, no such control is plausible in human studies. Some findings in the animal literature are certain to have no application to human health; other findings may have application but could be essentially impossible to verify, e.g., because of ethical or practical limits. Inevitably, this means that conceptual models for understanding basic mechanisms and for shaping clinical application will rely on the stable of human studies. Fortunately, as illustrated throughout this chapter and throughout this volume, there is now a rich investment in understanding prenatal maternal anxiety and stress or human health.
A theoretical and methodological task, then, is to identify how the features of maternal prenatal anxiety or stress (timing, severity, specific phenotypes) are translated biologically to instigate adaptive responses in the fetus/child, and to document the extent to which and how these early programmed responses lead to clinical health outcomes. That will require extensive biological and psychosocial sampling on multiple occasions in the prenatal period, alongside extensive interrogation of the placenta and a targeted approach to immune, endocrine, and metabolic markers. That is likely too great a burden for any one study, or sample of participants. Accordingly, the success of this work will likely rely on collaborative and collective efforts that mix samples, ideas, investigators, and social and healthcare contexts.
Inflammation as an Organizing Framework for the Study of Prenatal Maternal Anxiety or Stress on Child Health Outcomes
Much of the research on prenatal maternal anxiety or stress on child outcomes evolved from the research tradition emphasizing prenatal maternal and child stress physiology as a likely and perhaps dominant mechanism (Harris and Seckl 2011; Sarkar et al. 2007; Sarkar et al. 2008; Seckl and Holmes 2007; Swanson et al. 2009; Tamashiro and Moran 2010; Welberg and Seckl 2001). Inflammation, in particular, and immune mechanisms, more broadly, are a compelling alternative – and additional – organizing framework for understanding maternal prenatal anxiety or stress on child health outcomes. We therefore briefly consider the changing maternal prenatal immune system as a major exposure variable before elaborating on the child’s immune system as an outcome of prenatal maternal anxiety or stress.
A starting point for this discussion is that pregnancy is an immune-challenged state. The pregnant mother must make immune adaptations to accommodate the semi-allograft. Several changes have been described in some detail. One of the more critical was suggested more than two decades ago, when Mosmann, Wegmann, and others proposed that pregnancy shifts T-cell responses from Th1 to Th2 (Wegmann et al. 1993). That helped explain the opposite effects of pregnancy on pathogens combated by Th1 versus Th2 responses; accommodated the observation that Th1 inflammatory responses damage the fetus in mice (Krishnan et al. 1996) and correlate with pregnancy loss in humans (Hill et al. 1995; Kalu et al. 2008), thereby offering a rationale for suppression of Th1 responses; and was congruent with pregnancy hormones, e.g., progesterone inhibits short-term IFN-gamma synthesis and T-cell differentiation into Th1 cells (Piccinni et al. 1995; Shah et al. 2018) and estrogen enhances Th2 responses (Huber et al. 1999). This model, which has since been refined and updated underlies the more recent set of studies on maternal anxiety and stress and inflammation in pregnancy (Blackmore et al. 2014; Blackmore et al. 2011; Christian et al. 2011; Corwin et al. 2013; Finy and Christian 2018), stands as one of the clearer examples of pregnancy-induced immune changes in the mother that require integration in research on maternal prenatal anxiety and stress and child development.
Pregnancy-induced maternal immune disruptions in (or variation in) this adaptation to the fetus may also underlie major histopathological markers of inflammation in the placenta, such as chorioamnionitis and chronic villitis (Katzman 2015; Kim et al. 2015). These immune response-related markers, in turn, have been linked with brain morphology in animal models (Burd et al. 2011) and, in children, neurodevelopment (Chau et al. 2009, 2014). The degree to which other markers of inflammation in pregnancy derive from this immune-challenged state is unclear, but this possibility is widely discussed in relation to pregnancy health and gestational pathologies (Murphy et al. 2009). The underlying message is that there are specific candidate prenatal immune mechanisms that pose plausible explanations for prenatal origins of child health outcomes, including child immune outcomes.
Maternal anxiety and stress (and related phenotypes such as trauma and depression) imply prenatal maternal and placental inflammation, as noted, and so do many other prenatal exposures linked to child development. Maternal obesity in pregnancy is perhaps the most obvious example. Obesity is itself an inflammatory condition (Aye et al. 2014; Challier et al. 2008; Denison et al. 2010; Hamer and Steptoe 2009; Ippoliti et al. 2013) that is associated with elevated inflammation in the mother (Aye et al. 2014; Blackmore et al. 2011; Schmatz et al. 2010) and in the placenta (Aye et al. 2014; Challier et al. 2008; Denison et al. 2010) and is well-known to increase perinatal risk (Scott-Pillai et al. 2013). Perhaps via these immune mechanisms, maternal obesity in pregnancy is associated with neurodevelopmental outcomes in the child (Buss et al. 2012; Hinkle et al. 2012; Jo et al. 2015; Torres-Espinola et al. 2015) and metabolic problems in the offspring, including obesity (Lawlor et al. 2007). There is also growing interest in prenatal obesity and child immune health (Wright et al. 2013). The role of inflammation in these findings, acting directly or indirectly via glucocorticoid channels or metabolic markers such as leptin (Ippoliti et al. 2013), remains to be determined, but is certainly very plausible.
Perhaps separate from obesity are studies suggesting that in utero inflammation may be tied to diet and nutrition, a notion captured by research on the dietary inflammatory index (Chen et al. 2019; Silva et al. 2019). Also, alongside well-known examples of prenatal infection such as prolonged fever in pregnancy and influenza (Atladottir et al. 2012), it is necessary to consider more common prenatal infections, such as urinary tract infection which implies systemic inflammation and has been linked with other markers of obstetric and maternal prenatal health (Easter et al. 2016). Bacterial infections in pregnancy also have been implied in neurodevelopmental and health outcomes in some studies (e.g., Sugden et al. 2016).
The key take-home message is that immune mechanisms in the mother and placenta require attention where the interest is in the child’s developing immune system, but are likely to have far wider application to diverse child health outcomes.
Child Immune Health Outcomes Associated with Maternal Prenatal Anxiety or Stress
Part of the significance of studying child immune outcomes in relation to maternal prenatal anxiety or stress is that it moves the field beyond its traditional focus on behavioral and neurodevelopment outcomes (which is very well established) and cardio-metabolic outcomes (which is not so well established but widely suspected) to infectious diseases. The developmental origins and developmental programming literature have been focused on noncommunicable or noninfectious diseases – cardio-metabolic conditions are a classic case (Barker 1999). A consideration of immune outcomes and immune mechanisms raises the potential clinical and public health impact substantially.
The Developing Immune System
A study of prenatal maternal anxiety or stress on child immune development presumes some understanding of the fetal immune system development. It may be sufficient to note here that there is a fetal immune system and our understanding of its character is growing (Babik et al. 2011; McGovern et al. 2017; Michaelsson et al. 2006; Mold et al. 2008; PrabhuDas et al. 2015). It is widely appreciated that pregnancy is an immune stress for the mother; that is also the case for the fetus.
Whether or not and how the fetal immune system may be directly or indirectly shaped by maternal anxiety or stress biology is unclear. Studies of this kind are obviously challenging to perform in humans. Some observations seem quite important, e.g., human fetuses have functional dendritic cells by the second trimester – although they may be different in function from their more mature versions – and by around 20–24 weeks, the fetal immune system begins to develop in response to in utero and exogenous antigens. These developmental findings have not yet been reliably crossed with variability in maternal prenatal distress, however.
Compared with the fetal immune system, our understanding of the newborn immune system is more progressed. Research to reveal the bases for individual differences in the newborn’s immune system is an active area of study – to understand the nature of normative development and to provide clinical improvements to reduce neonatal infection, which continues to be a significant public health concern in high-income and especially low- and middle-income countries (Bhutta and Black 2013). A review of the early development of the infant immune system is beyond the scope of this chapter; many reviews are available (e.g., Kollmann et al. 2017; Simon et al. 2015), with some focused particularly on maternal prenatal factors (Marques et al. 2013). A key point is that the early development of the immune system may not only reflect early (programming) exposures but also sets the stage for later health outcomes. A particular focus of this work is functional T-cell development and linking abnormal T-cell development with poor health outcomes (Scheible et al. 2018).
A challenge for the study of prenatal influences on the child’s immune system is the rapid change of the immune system in the newborn and infancy period. The newborn immune system reflects the impact of the in utero environment and the dynamic immune balance between the mother and fetus (Seavey and Mosmann 2008; Wegmann et al. 1993). Normative change has been observed from the newborn period to later infancy and interpreted to reflect a shift away from in utero environmental demands (Kollmann et al. 2017), that is, a shift from a Th2- to a Th1-dominant pattern (Vigano et al. 1999). This change has been emphasized as an alternative to a framework which views the newborn and infant immune system as simply weak (e.g., in terms of the innate response) – although there is little doubt that immune responses are weaker in infants than older children and adults (Kollmann et al. 2017). Studies of prenatal influences on the child’s immune system must integrate these normative changes that occur rapidly following birth. Equally important is the consideration of timing of the postnatal immune assessment. For example, one study (Sarandakou et al. 1998) reported declines in several pro-inflammatory cytokines (IL-1b, IL-6, and TNF-alpha) from delivery to postnatal day 40, perhaps reflecting a particular impact of the birth process. A separate study (O’Connor et al. 2013) found that prenatal maternal anxiety predicted adaptive immunity in infants at 6 months but not at an earlier assessment at 2 months of age, a differential prediction that could reflect confounds of parturition at the earlier assessment and/or developmental change in a CD4+ IFN-γ response in very young infants (Gans et al. 1999). There are many other examples of normative change in the immune system in the early months of life; variation in vaccine response between the neonate and older child is one example (Hodgins and Shewen 2012; Siegrist 2007). The central message is that age of assessment, even within infancy, may be one important source of variation or effect modifier or prenatal predictors of child immune outcomes. The key conceptual points here are that the newborn’s immune system is hardly a blank slate; instead, the newborn has a functional immune system at birth that reflects the very particular nature of being a semi-allograft.
Animal and Human Research Findings
As with most other outcomes of interest, child immune outcomes associated with maternal prenatal anxiety or stress requires must attend to at least some of the extensive experimental animal work. Studies in a murine model are difficult to translate to humans since rodent neuroendocrine and immune systems develop postnatally. Nonetheless, there are some intriguing findings with potential application to human maternal prenatal stress – and its treatment. One set of studies considers how prenatal treatment with fluoxetine may induce changes in the offspring immune system, in some cases differently in male and female animals (Avitsur 2017; Richtand et al. 2012; Trojan et al. 2019). Mouse models also lead the way in mechanistic research on lung development, an area of special interest to the sizable research base on asthma discussed below. Example findings indicate that prenatal stress is associated with airway hyperresponsiveness and eosinophil inflammation, with some evidence of sex differences in these effects (Zazara et al. 2018). Interestingly, the prenatal stress-offspring immune model is of interest in animal studies not only as a model of human development. Conditions that weaken the animal immune system have financial and health application to agriculture and animal husbandry – which is why this area of study includes a sizable portion of studies with animals used for human consumption (e.g., Couret et al. 2009).
There is a wealth of nonhuman primate studies linking prenatal stress to alterations in the offspring immune system, using a variety of immune markers and experimental paradigms (Coe et al. 1989, 1996, 2002; Coe and Lubach 2005). Illustrative findings in the Rhesus monkey include the observation that prenatal stress in mid-late gestation predicted decreased production of IL-6 and TNF-alpha after LPS stimulation and lower T-cell response to non-self antigens. Animal studies have only fairly recently begun to describe the role of microglia, the brain’s resident immune system that have a fairly direct link with neuronal growth, pruning, and other processes. Findings from one report that prenatal stress exposure was associated with increased microglia activation (Slusarczyk et al. 2015) may be relevant here, and needs consideration alongside the peripheral immune effects (human infant studies directly measuring microglia are not possible).
A simplified but plausible model of the nonhuman primate work is that the offspring immune response may be impaired or weakened by prenatal stress exposure; this interpretation is also consistent with findings from a murine model (e.g., Kay et al. 1998). Even if that were generally so, however, experimental animal data point to specific types of immune function that may be most susceptible to influence by prenatal maternal anxiety or stress, such as natural killer cells, adaptive immunity, and immune cell response to glucocorticoids – encouraging a broad consideration of the child’s immune system rather than a singular focus.
Before turning to the studies of the immune system in humans, we offer a brief segue to the rich array of studies on the immune system in preterm babies. On a positive note, these findings will be of interest to the extent that prenatal maternal anxiety, stress, or depression is associated with prematurity (although arguably not to the degree of prematurity in many studies of the preterm immune system). On the other hand, these findings may not be informative for studies of prenatal maternal anxiety or stress because the preterm baby’s immune system differs in important ways from the term baby (Marchant et al. 2015; Tissieres et al. 2012), and may be driven by particular medical complications of the newborn, such as necrotizing enterocolitis (Bhatia et al. 2014; Jurges and Henderson 1996) and pulmonary disease (D’Angio et al. 2016; Iliodromiti et al. 2013; Scheible et al. 2018). Preterm status (especially very preterm status) may be not just an effect modifier of prenatal maternal influence but imply qualitative differences that preempt comparison. That is, qualitative differences between the preterm and term immune system may confound studies of prenatal predictors that ignore preterm status. There may be an analogy with cross-cultural studies: ambient co-occurring risks that drive the child’s immune system – particularly those commonly found in low- and middle-income countries (Ahmed et al. 2011, 2014; Collinson et al. 2003; Moore et al. 2009; Raqib et al. 2007) – may essentially preclude comparisons of the effects of prenatal maternal anxiety or stress on child immune system in diverse populations.
If prenatal maternal anxiety or stress were to shape child immune outcomes, then which specific targets should be studied? As reviewed below, the available human evidence provides a mixture of methodologies, including assessments of a small number of circulating peripheral cytokines; ex vivo analyses in which blood samples are exposed to specific mitogens or antigens; analysis of antibody production in response to vaccination; and clinical signs and symptoms of immune disorders. This diversity of methods matches that found in the broader developmental psychoneuroimmunology literature (e.g., O’Connor et al. 2014a) and reflects, at least implicitly, uncertainty about which immune mechanisms might be affected and logistical challenges in obtaining samples and data, depending on sample size, distribution, and age.
Our review of the human evidence on prenatal maternal anxiety or stress and child immune outcomes is differentiated according to the level of immunological detail: specific immune markers in the child or in cord blood, clinical measures of specific immune conditions such as asthma, and broader health measures which may imply an alteration of the offspring’s immunity. We review each of these sets of findings in this order, although note that the weight of the available evidence may be the inverse order.
In a prospective study of over 50 infants that capitalized on the experimental condition of vaccination, we demonstrated that prenatal maternal anxiety predicted impaired B-cell immunity based on antibody response to hepatitis B (O’Connor et al. 2013). Specifically, prenatal anxiety predicted lower hepatitis B antibody titers at 6 months of age; importantly, the effects were limited to those infants who had not completed the three-dose vaccine series, suggesting that the prediction is only observable for suboptimal antigen stimulation. In addition, analysis of cell-mediated immune responses based on ELISpot assays for interferon (IFN)-γ, interleukin (IL)-2, and IL-4 responder cell frequencies to three antigens (hepatitis B surface antigen, tetanus toxoid, and phytohemagglutinin) indicated that prenatal maternal anxiety predicted reduced IFN-γ and increased IL-4 responder cell frequencies at 6 months of age; the effects were most evident for hepatitis B surface antigen. Interestingly, no such effects on B or cell-mediated immunity were detected at blood samples collected at 2 months. Further analysis indicated that prenatal anxiety may impair Th1 responses to antigen via reduced concentrations of IL-12 in early infancy. The general speculation was that prenatal anxiety may be associated with a reduced Th1 and increased Th2 response in the infant, that is, an amplified Th2-biased immune response.
Data from Project Ice Storm are also consistent with a prenatal maternal stress influence on the child immune system; in a sample of 37 children at age 13 years, prenatal stress exposure was associated with reduced CD4+ proportions, increases in pro-inflammatory markers (e.g., TNF-alpha), and an increase in Th2 cytokines (Veru et al. 2015). A retrospective study (Entringer et al. 2008) examined blood samples of 34 adult women whose mothers reported negative life events in pregnancy and a comparison group of women whose mothers did not report significant stress; blood samples were stimulated ex vivo with phytohemagglutinin to detect cytokine production. They also found a Th2-biased response to stimulation in the high stress group, i.e., increased production of IL-4 relative to IFN-γ; they also reported elevations in IL-6 and IL-10.
Given that decreased cytokine response in cord blood has been associated with asthma risk (Gold et al. 2009), it is notable that several studies report associations between prenatal maternal stress and cord blood immune markers. For example, prenatal stress has been associated with elevated cord IgE (Peters et al. 2012) and with elevated cord blood cytokines in response to microbial stimulation, including IL-8, TNF-alpha, and IL-13 (Wright et al. 2010). It is not clear if these findings on cord blood would persist past the perinatal period, but the findings add further weight, and an additional method, for detecting an impact of prenatal maternal anxiety or stress on the developing immune system.
Much of the human evidence cited above is interestingly consistent in suggesting that prenatal maternal anxiety or stress may further induce a Th2-biased effect, although any presumption of consistency is limited by the generally small sample sizes, variation in methods, and ages of assessment. Nonetheless, these findings present a clear direction for future research.
Substantial evidence suggests an association between prenatal maternal anxiety or stress and asthma, an autoimmune condition and natural target for studies seeking to assess immune-mediated health outcomes. Consideration of asthma also presumes an alteration in the Th2-biased response which was suggested in studies above with direct immune markers. For example, asthma was associated with prenatal maternal anxiety in the large ALSPAC study of over 5,000 children (Cookson et al. 2009). In addition, data from the RAINE study in Australia of over 1500 children found a major increase (OR >2) of asthma and eczema at age 14 years associated with stress in pregnancy (Hartwig et al. 2014). A Swedish cohort of over 3 million individuals varying widely in age found that major stress in pregnancy was associated with asthma; the relative risk for the pregnancy exposure period was approximately 1.4 (Khashan et al. 2012). Another report from Sweden in a sample of more than 300,000 associated prenatal maternal anxiety and depression with child asthma risk (Brew et al. 2018). Also, Project Ice Storm data indicated that, in girls at 12 years of age, prenatal maternal distress predicted a slight but significant increase in wheezing and medication use for asthma (Turcotte-Tremblay et al. 2014). Findings on specific immune markers may not always align with the findings on clinical conditions because of differences in sample characteristics and immune methods, but it is interesting that the findings on asthma are generally consistent with a Th2-biased effect suggested by the previous set of studies that included measured immune markers.
The relevant human literature on prenatal maternal distress and child immune outcomes widens further if the outcome is not specific markers of child immune functioning or immune disorders but rather health outcomes with a presumed immune etiology. One of the more impressive analyses is from the Danish cohort of over 60,000 mother-child pairs which found that maternal prenatal stress was associated with a wide range of diseases and disorders according to health registry data (Tegethoff et al. 2011). Specific immune markers were not available, but immune-mediated hypotheses are at least plausible for the mental and behavioral, digestive, and respiratory problems predicted from prenatal maternal stress. And, as increasingly appreciated, and discussed below, an increasing number of health outcomes, including neurodevelopment, obesity, and metabolic conditions, may be seen as partly immune-mediated. In other words, studies showing that prenatal maternal anxiety or stress predicts these common outcomes might be detecting a child immune system-mediated effect (even where an assessment of child immune function is absent).
A different kind of indirect effect of prenatal maternal anxiety or stress on the child’s immune system is implied by a large set of studies focused on perinatal risk. Thus, an effect on the child’s developing immune system might be found in those studies linking prenatal maternal anxiety or stress to obstetric risk and complications (Grote et al. 2010; Wadhwa et al. 1993).
Developmental and Health Implications of an Altered Infant Immune System
If prenatal maternal anxiety or stress could alter the fetal/child developing immune system, then there would be sizable implications for many areas of health and important clues for understanding developmental mechanisms. One very active line of research examines how the developing immune system may shape neurodevelopment. Substantial animal work links the immune system with normal and abnormal brain and behavioral development (Cunningham et al. 2013; Paolicelli et al. 2011; Stevens et al. 2007; Yirmiya and Goshen 2011). Human studies are beginning to catch up and, so far, associate the production of pro-inflammatory cytokines such as IL-6 and other markers of inflammation with a range of behavioral phenotypes and psychiatric syndromes (Costello et al. 2019; Howren et al. 2009). Evidence in pediatric samples is less clear, but a focus of growing attention (Abdallah et al. 2013; Akintunde et al. 2015; Leviton et al. 2018; O’Connor et al. 2014b). One novel observation from the past research indicated reliable and nonoverlapping associations between multiple specific immune markers such as TNF-alpha and fear in infants (O’Connor et al. 2017).
Research also considers the child’s adaptive immune system in relation to brain development (Filiano et al. 2015). The heterogeneity of T-cell phenotype at birth and changes that occur the first years of life remain poorly characterized, but we do know that the adaptive immune system undergoes rapid evolution under pressure of environmental and infectious exposures and requires highly controlled conditions to balance protection with immunopathology. If poorly regulated, adaptive immune activation can create a pool of T cells that can circulate and contribute to disease for the life of the host. T-cell dysregulation is known to contribute to major morbidities that develop in infancy, including asthma and allergies, and are thought to contribute, though via less clear mechanisms, to neurodevelopment and cardiovascular disease. One line of work in mice suggests that CD4+ T cells (that produce, in particular, the cytokine IL-4) are a critical factor in normal brain development; in the absence of optimal numbers of these T cells, an imbalance between adaptive and innate responses ensues, and the subsequent pro-inflammatory skewing of the immune response (with higher levels of cytokines including IL-6, TNF-alpha, IL-1β, and IL-17A) can result in behavioral deficits and poorer cognition (Choi et al. 2016; Ellwardt et al. 2016; Filiano et al. 2015). Possibly supporting this model is the observation that decrements in adaptive T-cell function and increased pro-inflammatory immune function are observed in children with autism spectrum disorders (ASD) (Mead and Ashwood 2015).
Alteration in the child’s immune system, from prenatal maternal mood or other exposures, may shape health outcomes because of its close connection with other biological systems, including the endocrine system. Bidirectional, regulatory associations between the immune and neuroendocrine systems (Mastorakos et al. 1993; Waage et al. 1990) provide one route to diverse health outcomes. Moreover, because pro-inflammatory cytokines such as IL-1, Il-6, IL-17, and TNF-alpha stimulate the synthesis of acute-phase proteins in the liver, there are potentially direct connections between altered child immune outcomes and metabolic disorders. Indeed, it has been suspected for some time that diabetes may be an acute-phase disease associated with an increased release/production of cytokines from many cell types (Pickup and Crook 1998). Frank evidence of some of these conditions may not be evident until later in development, even if the developmental origins on underlying mechanisms or intermediate phenotypes might be detectable in childhood. Nonetheless, these lines of evidence underscore potentially widespread impact of an altered immune system via prenatal exposures and programming.
Additional mechanistic research to identify possible mediating pathways in the pregnant mother and in the baby could follow several promising leads. Probably the best known, with as-yet specified application to prenatal maternal distress and child outcomes, is the kynurenine pathway, a key metabolic pathway implicated in research on the links between immune system and the brain. Degradation of tryptophan along the kynurenine pathway has been suggested to explain neurodevelopmental outcomes (Brooks et al. 2017; Jones et al. 2015; Raison et al. 2010) and may be stress-responsive (Fuertig et al. 2016). However, the specific role of this pathway in explaining prenatal influence on child immune health and consequential effects on cognition has not been established. Nonetheless, the argument for this kind of future research is clear and hinges in part on the important observation that serotonin availability and signaling in the fetal brain may have a significant and long-term impact on neurodevelopment and that a significant source of serotonin availability for the baby may be modulated by tryptophan metabolism in the placenta (Bonnin et al. 2011; Bonnin and Levitt 2012). The immune component of this model derives in part from the observation that a lead enzyme in the pathway, indoleamine-2,3-dioxygenase, is stimulated by inflammation (IFN-γ in particular); as a result, the kynurenine pathway may be upregulated when the immune response is activated. Also possibly relevant here are data from preclinical studies demonstrating plausible actions between serotonin activity and cytokines, e.g., IL-1β and TNF-alpha stimulate serotonin uptake (Zhu et al. 2006). The kynurenine pathway may take on additional complications when conjoining prenatal maternal biology, placental mechanisms, and the developing child’s biology. Future immune-targeted research that incorporates components of the kynurenine pathway and, more broadly, the links between the immune system and neuroactive chemicals in the mother, placenta, and baby promises to be an extremely valuable.
Additional mechanistic work, with obvious application to child neurodevelopment, will need to consider the important but little understood role of the blood-brain barrier (BBB). Changes in the permeability of the BBB occur in ontogeny, but the porousness at a particular point in fetal or early infant development and the consequences for neurodevelopment are not certain (Dziegielewska et al. 2001; Ek et al. 2012; Saunders et al. 2008; Stolp et al. 2005, 2007, 2011). There is no question of immune-linked communication between the periphery and the brain within the individual (this is so even in adults with a robust BBB). One such example is leptin, which passes the BBB because of the need to the body to signal to the brain cues for satiety. It is in this context that leptin’s role in brain development as regards cognitive functions is particularly interesting (Farr et al. 2006, 2015; Price et al. 2010). On the other hand, concrete progress in modeling the role of the BBB will be a challenge for clinical research, including for research on the causal effects of prenatal maternal anxiety and stress. An additional and perhaps more rewarding line of mechanistic study in human samples will consider the role of the child’s gut microbiome. Although the story is far from clear, there is emerging evidence that the baby’s gut microbiome may be shaped by prenatal maternal influence and co-develops with the child’s immune system, with potentially broad application to neurodevelopment and other health outcomes (Cryan et al. 2019).
A further kind of mechanistic question, dealing with confounding of causal effects, concerns the observation that maternal prenatal anxiety, stress, depression, and related types of distress may be confounded with other factors that may also associate with child immune outcomes. One example is maternal obesity in pregnancy, which one study found to be associated with newborn IgM (Broadney et al. 2017). A likely confounding of prenatal stress and prenatal immune activation is likely, and an important consideration (Gilman et al. 2017). The MIA research, alluded to above, is attracting considerable clinical attention and needs consideration alongside exposure to maternal prenatal distress. Animal studies targeting IL-17 (Choi et al. 2016) are becoming matched by studies of severe neurodevelopmental disorders in humans (Akintunde et al. 2015; Al-Ayadhi and Mostafa 2012; Suzuki et al. 2011). Other cytokine targets such as transforming growth factor beta 1 (TGF-beta) have attracted clinical research attention (Butovsky et al. 2014; Umeda-Yano et al. 2013) and pose additional mechanistic targets of prenatal and perinatal influence.
Given the limited human data so far reported, especially concerning specific immune markers and mechanisms, many areas remain for further study. Perhaps most fundamentally, we are still some way short of understanding if the effects of parental maternal anxiety or stress on the child’s immune system are causal, directly or indirectly. This mechanistic question will rely, to some degree, on animal studies, but the increasing attention to this issue is clearly encouraging for human clinical research. There is then the matter of which specific features of the child’s immune system may be most susceptible to prenatal influence. One central framework question here is whether the impact may be seen as somehow adaptive, which is predicted from a programming model and consonant with select human findings, or instead simply impaired and diminished. Related fundamental mechanistic questions include the impact of timing of the prenatal prediction and the persistence of its effect on the child. Other corollary questions include the extent to which any effects differ by child sex, and why. A sex difference hypothesis is supported in some of the nonhuman primate work (Coe et al. 1996), widely suspected in human work (e.g., Goldstein et al. 2016), and needs consideration. Furthermore, if there is an effect on the child’s immune system, then we would expect sizable implications for many of areas of health and development. Progress in that area is evident, but also requires description and explanation.
Clinical and Global Health Applications
It has long been practice to promote the health of the mother during pregnancy in order to promote the health of the developing child. Examples include efforts to promote a healthy maternal prenatal diet and maintain healthy weight; reduce exposure to environmental toxins and drugs; increase vaccination rates; and increase preparedness for delivery and parenthood. These efforts partly constitute an evidence-based prenatal care regiment (Kirkham et al. 2005a, b). The sizable and robust research findings linking prenatal maternal anxiety and stress to a variety of child health outcomes means that evidence-based prenatal care must now also include considerable attention to maternal mental health in pregnancy. A wealth of clinical research illustrated in this volume clarifies the impressive folk psychology on maternal prenatal mental health and child well-being and has begun to mimic decades of experimental animal research suggesting long-term, widespread, and biologically based impacts of prenatal maternal anxiety or stress on offspring outcomes. Moreover, and congruent with a theme in this chapter, clinical and global public health efforts to improve maternal prenatal health specifically target prenatal maternal immune health and infection (e.g., Lee et al. 2019).
A natural question of application concerns how existing treatments for prenatal maternal anxiety, stress, or depression may benefit the mother and, in the context of this chapter, child immune health. Fortunately, there are many examples of prenatal interventions to improve maternal psychological well-being; less fortunately, the evidence that these interventions alter maternal or fetal biology or placental function is far from robust. For example, modifications of standard treatment models for prenatal maternal psychological symptoms such as cognitive-behavioral therapy or interpersonal psychotherapy have been applied in many reports (e.g., Sockol 2011; Spinelli 2013); positive effects for prenatal maternal distress are arguably reliable.
Perhaps because of the particular concerns of pregnant women concerning treatment (Arch et al. 2012; O’Brien et al. 2007), there are many examples of “nontraditional” interventions for anxiety, depression, or stress in pregnant women. These include muscle relaxation and guided imagery (Fink et al. 2011; Urech et al. 2010), yoga (Curtis et al. 2012; Field et al. 2013; Gong et al. 2015), mindfulness (Duncan et al. 2017), and other approaches (Manber 2010). The question for benefitting the child health is the degree to which the treatment alters mechanisms linking maternal prenatal distress to child outcome, such as child immune health; that will continue to be a focus for future study. Finally, of course, prenatal interventions to promote child health and development may not require psychological intervention, as amply demonstrated by the studies of prenatal vaccination (Fell et al. 2012; Haberg et al. 2013).
Conclusion
Our focus in this chapter on immune and health outcomes in the child, and the broader context of an immune-mediated model of prenatal maternal anxiety or stress, reflects the ongoing advances in transdisciplinary model development and methodological refinements driven by technical improvements. We would hope that clinical and public health applications of this work, which are now in only a modestly advanced phase, are propelled further by this volume and other efforts to popularize and disseminate what is known about prenatal maternal anxiety and stress and child development.
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Introduction
Prenatal programming posits that intrauterine exposure to environmental stressors disrupts neurodevelopmental pathways for health and disease long after birth (Barker 1998; O’Donnell and Meaney 2017). Prenatal maternal stress, which results in alterations to the biological signals being conveyed to the fetal brain, has long been established as an exemplar of this model (Glover et al. 2018). Indeed, epidemiological studies utilizing traumatic events such as natural disasters and bereavement as objective measures of stress exposure have linked prenatal maternal stress to higher incidences of neurodevelopmental disorders, including autism spectrum disorder (ASD) (Beversdorf et al. 2005; Kinney et al. 2008), attentional deficit/hyperactivity disorder (ADHD) (Li et al. 2010), and schizophrenia in offspring (Khashan et al. 2008). Further confirmation is derived from work on animal models (Charil et al. 2010), where reliable induction of prenatal stress has been shown to yield suboptimum cognitive (Wu et al. 2007), behavioral (Estanislau and Morato 2005), and psychosocial developmental outcomes (Lee et al. 2007). An ever-growing repertoire of human prospective studies—already reviewed elsewhere in this volume (see also Chap. 3. The Developmental Effects of Prenatal Maternal Stress, Chap. 4. Prenatal Programming in the Fetus and Placenta, and Chap. 5. Epigenetic Effects of Prenatal Stress)—largely concur with the view that prenatal stress adversely affects neurodevelopment in offspring, although some exceptions are notable (DiPietro et al. 2006).
To date, attention has largely focused on transplacental stress transfer mechanisms via factors like cortisol, which acts as a key mediator in transmitting the effects of maternal mood to the fetus (Howland et al. 2017). However, as gestational stress effects are already evident early in pregnancy (McDonald and McCoy 2019), long before fetal stress systems have fully developed, transplacental transfer of maternal stress-related factors cannot fully explain gestational maternal stress effects (Rakers et al. 2017). Moreover, as reviewed elsewhere in this volume (see also Chap. 7. Immune Models and Mechanisms), elucidating specific links between maternal stress in pregnancy and developmental outcomes in childhood remains incomplete, and thus, we need to consider other factors modulating associations between prenatal stress and early brain development (O’Mahony et al. 2017; Weikum et al. 2013). One such possible factor could be the gut microbiome which can alter gastrointestinal and central neurotransmitter (e.g., serotonin (5-HT)) levels that play critical roles modifying maternal mood and behavior via the gut-brain axis (O’Mahony et al. 2017). Subsequently, (or in parallel) maternal stress during pregnancy may shape early brain development via networks modulated by microbiome-gut dialog (Van den Bergh et al. 2019). Understanding the role of the emerging infant and child gut microbiome offers an alternate and novel mechanism that links prenatal maternal stress with early changes in brain development and infant behavior. In support of the possible role the emerging gut microbiome has on early brain development, in this chapter we will focus on a review of evidence that microbiome-gut-brain axis plays a role in regulating mood and behavior, emerging evidence linking prenatal stress with changes in the neonatal and infant microbiome and how these changes might have implications for early brain development. Moreover, given that prenatal maternal stress disorders, such as anxiety and depression, are often treated with psychotropic mediations (i.e., SSRI antidepressants), we also review emerging evidence that such medications may play a role in mediating the relationship between pregnancy-related stress, and infant behavior and development via the impact such psychotropic medications have on the gut and vaginal microbiome.
The Microbiome and Normal Changes During the Perinatal Period
Our microbiota is the community of 100 trillion microorganisms (bacteria, fungi, viruses) that live in or on our bodies; their collective genome is the microbiome (Claesson et al. 2017; Cussotto et al. 2019a; Sender et al. 2016) and there is now sufficient evidence that a healthy community of these microorganisms within our gut is largely responsible for our overall health and well-being (Lynch and Pedersen 2016). The microbiome is involved in essential functions such as protection against pathogens, production of vitamins, immunomodulation, nutrient metabolism, gut barrier function, xenobiotic and drug metabolism as well as immunomodulation (Jandhyala et al. 2015). There is longstanding evidence that gut microbiota can regulate neurotransmitters, such as serotonin (5-HT), involved in the control of host physiology and behavior (Cryan et al. 2019; Cryan and Dinan 2019; Cussotto et al. 2019a, b; Dinan and Cryan 2017b; Lyte 2011; Mayer et al. 2014; Sampson and Mazmanian 2015; Strandwitz 2018; Yano et al. 2015). With recent advances in sequencing and metabolomics, research investigating how these bacteria affect neurological functions and behavior represents a substantial paradigm shift in neuroscience (Mayer et al. 2014; John F. Cryan and Dinan 2019; Sampson and Mazmanian 2015; Dinan and Cryan 2017b).
The microbiome is intrinsically involved in the perpetual communication between the gut and the brain, with this communication potentially beginning while the fetus is in utero. Studies in both animals and humans suggest that the microbiome-gut-brain axis is a bidirectional signaling network linking the brain and the gut microbiome, via various neural (enteric nervous system (Carabotti et al. 2015) and vagal (Gaykema et al. 2004)), neurotransmitter (Clarke et al. 2013) (e.g., serotonin and γ-aminobutyric acid (GABA)), and molecular signaling mechanisms, such as short-chain fatty acids, tryptophan metabolism, cortisol, and immune factors (O’Mahony et al. 2015, 2017; Dinan and Cryan 2017d; Cryan and Dinan 2012).
Microorganisms exist not only in our gut, but in other niches as well, such as the oral cavity, the skin, the vagina, and possibly the placenta in some limited contexts (Chen and Gur 2019; Codagnone et al. 2019a) which also influence our health but potentially not with the same power or range as the gut-dwelling microbes. Nonetheless, we can now be viewed as holobionts, which include the host and the microorganisms that exist in and on our bodies (Simon et al. 2019).
During our lifetime the gut microbiome and consequently the continual signaling within the gut-brain axis change (Dinan and Cryan 2017c) in order to accommodate the different needs during different stages of life. During pregnancy, dynamic changes are evident in both the gut and the vaginal microbiome (Codagnone et al. 2019b; Prince et al. 2015) to accommodate the growing fetus, to support in utero development and then vertical transmission at birth (Aagaard et al. 2012; Clarke et al. 2014; Prince et al. 2015). Changes are evident in the gut after the first trimester (Nuriel-Ohayon et al. 2016) with specific increases in phyla such as Actinobacteria, Proteobacteria as well as beta diversity while a decrease in alpha diversity and Faecalibacterium, a butyrate-producing bacteria with known anti-inflammatory properties, is noted during pregnancy (Koren et al. 2012). Transplantation of fecal matter from the third trimester to GF mice provided insight into the impact of these microbial changes on the host, indicating that third-trimester microbial components play active roles in changing host immunology as well as metabolism (Koren et al. 2012; Nuriel-Ohayon et al. 2016). Microbial changes also occur within the vagina during pregnancy with an overall decrease in diversity which is coupled with increased stability and enrichment or dominance by specific Lactobacillus species, which appears to be dependent on factors such as gestational age and ethnicity (Aagaard et al. 2012).
While still controversial, the notion that the placenta is sterile during pregnancy is being challenged. A provocative study indicated the possible presence of a placental microbial community that was most similar to oral microbiota with the major phylum being Proteobacteria as well as including species such as Prevotella tannerae and Neisseria (Aagaard et al. 2014). However, many studies, including approaches where multiple types of microbiological assessments were included, have not replicated these initial observations (Leiby et al. 2018; Theis et al. 2019) and there are ongoing methodological concerns about the accurate detection of microbial signals in low biomass samples (Bushman 2019; Perez-Muñoz et al. 2017). Recent indications also suggest a highly limited bacterial colonization of the intestine in utero (Rackaityte et al. 2020). The functional significance, if any, of a likely very restricted and context-specific bacterial presence in the placenta or in utero requires more studies to define their role in both healthy and pathological pregnancies.
In the early postnatal period, the gut microbiome of the infant is very dynamic, changing rapidly and is very responsive to external and internal stimuli making it and the developing gut-brain axis vulnerable to adverse impacts. For instance, Loughman et al. reported that use of antibiotics in the period between 9 and 12 months of age is associated with decreased in abundance levels of Prevotella of fecal collected at 12 months of age, which in turn are associated with elevated levels of internalizing behaviors (Loughman et al. 2020). Mother-infant exchanges influence the initial assembly of microbial communities within the infant’s gut (Mueller et al. 2015; Yassour et al. 2018). It is likely that maternal gut strains are more persistent in the infant gut than maternal skin and vaginal strains, which appear to colonize only transiently (Ferretti et al. 2018) but are still of importance in shaping the initial assembly. Breastmilk also plays an important role in the transmission of bifidobacterial communities from the mother to her child (Duranti et al. 2017). Intrinsic factors such as the physiology of the infants’ gut as well as genetic factors also influence which microbiota take up residence in the newborn gut (Golubeva et al. 2015; Zijlmans et al. 2015). The first colonizers are Proteobacteria and Actinobacteria (Koenig et al. 2011b; Zhuang et al. 2019) with an increase in diversity gradually throughout infancy and childhood. Strains from the classes Actinobacteria and Bacteroidia, which are transmitted from the mother and represent essential components of the infant microbiome, could persist for at least 1 year (Korpela et al. 2018). A level of stabilization occurs approximately around 3-5 years of age (Stewart et al. 2018), where the gut is dominated by Bacteroidetes and Firmicutes and contains about 1014–1015 bacteria (Eckburg et al. 2005; Rodriguez et al. 2015). The impact of gestational age at birth and delivery mode on gut microbiota composition and progression may be visible in the first four years of life (Fouhy et al. 2019).
The Emerging Microbiome Gut-Brain Axis
Assembling a diverse gut microbiome starts in early life, may reflect fetal programing, shaping pathways associated with health and disease (Glover et al. 2018). While birth is a critical milestone in assembling infant microbiota (Pamela Ferretti et al. 2018; Dominguez-Bello et al. 2010), there has been speculation that the transmission of bacteria or their metabolites from the mother to the fetus may already begin shaping the microbiota-gut-brain axis before birth (Hechler et al. 2019; Borre et al. 2014; Jiménez et al. 2008; Kjersti Aagaard et al. 2014). Recent heavily debated studies have discovered bacterial communities in the placenta, amniotic fluid, and meconium from healthy pregnancies yet it is suggested that the levels of bacteria in these sites arise from contamination issues or is too low to impact on the fetus in utero (Perez-Muñoz et al. 2017). It is still the maternal microbiota during pregnancy that is most essential for contributing to the initial intestinal colonization of the offspring (Dominguez-Bello et al. 2010; McFall-Ngai et al. 2013). Events during pregnancy that impact on the prenatal enteric nervous system and gut physiological development (Golubeva et al. 2015) may influence which microorganisms initially take up residence, providing an indirect mechanism for a prenatal maternal influence on the postnatal colonization of the infant gut microbiome. Key pregnancy-related factors, such as diet, prenatal vitamins, iron supplementation, parity (Nasioudis et al. 2017), and antibiotics, also modify the maternal microbiota (Beijers et al. 2014) and in turn affect the rapidly expanding neonatal microbiome that begins with birth (Felice and O’Mahony 2017).
Colonization patterns in early life are dependent on several other factors including genetics, maternal health, feeding regime, and exposure to stress, medication, or disease. This early colonization period is crucial in determining the developmental trajectories of host-microbe interactions (Codagnone et al. 2019b) including the development and maturation of the host nervous, immune, and endocrine systems (Caputi and Giron 2018) and all aspects of the gut-brain axis (Clarke et al. 2014).
The Prenatal Environment and the Gut Microbiome
Intrauterine Microbiome
Despite the controversial evidence outlined above on whether the intrauterine environment is sterile in a healthy pregnancy or not, this is an ongoing focus of research (Willyard 2018). The placenta is a major, yet transient, endocrine organ that serves as the predominant interface between mother and fetus, regulating the supply of oxygen, nutrients, and signaling molecules that direct the development of the fetal brain (Howland et al. 2017). The placenta is also essential for buffering the fetus from infection and stress (Pelzer et al. 2017). Exposure to maternal stress can reprogram placental functioning, change the expression of placental genes that regulate the environment in utero and alter developmental trajectories (Pehme et al. 2018; Togher et al. 2017; Togher et al. 2018b). This debated bacterial profile has been noted to be similar to the oral community (Aagaard et al. 2014; Pelzer et al. 2017) with species including Lactobacillus sp., Propionibacterium spp., and members of the Enterobacteriaceae family from healthy placentae with Lactobacillus species being less abundant in preterm labor (Collado et al. 2016; Prince et al. 2016).
The impact of these potential bacterial populations is not known and the evidence supporting the presence of these intrauterine microbial communities has been heavily criticized due to inappropriate contamination controls, biological plausibility of the presence of the detected bacteria, and less than optimum methods used to detect viable bacteria (Codagnone et al. 2019a; Leiby et al. 2018; Perez-Muñoz et al. 2017). Furthermore, it is possible to generate germ-free mice through cesarean section which supports the concept of a sterile intrauterine environment (Perez-Muñoz et al. 2017). While the presence and the functional significance of an intrauterine microbiome is under debate, there is solid evidence that the maternal microbiome and the developing fetus are impacted by stressors during pregnancy and how these are intertwined and/or dependent on each other is under investigation.
Impact of Psychological Prenatal Stress on the Emerging Gut Microbiome
Maternal psychological stress, depression, and anxiety during pregnancy impact the developing fetus and are associated with a range of physical and mental problems in the offspring (Gartstein et al. 2020; Simons et al. 2019). The mechanisms are complex and are likely to include a network of pathways (Glover 2015; Jasarevic et al. 2015b) that need further clarification. Parturition is the largest initial inoculation of the infant gut and the colonizing bacteria determines the development of critical systems such as aspects of the gut itself, as well as the immune, metabolic, and hypothalamic-pituitary-adrenal (HPA) systems (Koenig et al. 2011a). These initial colonizers of the newborn gut are closely associated with the maternal vaginal microbiota, including Lactobacillus, Prevotella, and Snethia species (Dominguez-Bello et al. 2010). Perturbation to the optimal colonization is affected largely by mode of delivery, exposure to antibiotics, as well as stress all of which can have long-term implications on neurodevelopment and signaling of the entire gut-brain axis (Biasucci et al. 2010; Jasarevic et al. 2015a; O’Mahony et al. 2014).
Using a mouse model, prenatal chronic varied stress was shown to alter immune-related proteins in the vagina as well as to decrease Lactobacillus which lead to a decreased transmission to the offspring (Jasarevic et al. 2015a). The bacterial profile of neonatal mice was dependent on exposure to the prenatal stress and sex, with the relative abundance of strict anaerobes Bacteroides and Clostridium being increased in prenatally stressed males compared with control males and the distal colon profile of stressed males was more closely associated with that of non-stressed female mice (Jasarevic et al. 2015a). Furthermore, prenatal stress impacted on systemic metabolic profile as well as having a region- and sex-specific impact on brain amino acid profiles (Jasarevic et al. 2015a). This highlights the impact of prenatal stress on the vaginal microbiome and its role in the developing microbiome gut-brain axis. The changes induced in the vaginal microbiome due to prenatal stress were shown to be partially responsible for changes in the gut transcriptome of the offspring as well as changes to genes in the hippocampus when inoculation of vaginal microbiota from stressed dams was capable of inducing a prenatal stressed phenotype in control rats (Jasarevic et al. 2018).
While vertical transfer at birth plays a large role in the bacterial profile of the offspring, the environment in which these bacteria take up residence also plays a significant part in the microbial community. Using a different model of prenatal stress, one where the pregnant mothers were restrained, it was shown that maternal stress impacted the developing enteric nervous system and gut barrier function (Golubeva et al. 2015)—specifically, a decrease in innervation density in the distal colon and an increased secretory response to catecholaminergic stimulation (Golubeva et al. 2015). The prenatal stress also led to an over-responsive HPA axis to stress and an altered microbiota profile in the offspring reflected by a decrease in Lactobacillus, with increased abundance of the Oscillibacter, Anaerotruncus, and Peptococcus genera in the stressed offspring (Golubeva et al. 2015). As mentioned, many factors can influence the colonization of the gut microbiota and here it is seen that the physiology of the gut may also play a role. Prenatal stress in mice led to changes in social behavior as well as the stress response following the social interaction (Gur et al. 2019). These behavioral changes corresponded with neuroinflammation, decreased oxytocin receptor, and decreased cortical serotonin metabolism as well as significant microbiota changes (Gur et al. 2019). Microbiome changes that resulted from stress during pregnancy in mice were linked to increased inflammation within placenta as well as the fetal mouse brain from the offspring (Gur et al. 2017). Furthermore, brain-derived neurotrophic factor (BDNF) was reduced in the adult offspring amygdala, suggesting prenatal insults impact on neurodevelopment that extends into adulthood (Gur et al. 2017).
In humans, pregnancy-related depression/anxiety appears to affect maternal and neonatal gut microbiota, linking maternal mental health and the infant’s microbiome (Hartman et al. 2019; Togher et al. 2018a; Callaghan et al. 2019). It has been shown that maternal prenatal stress is associated with a different microbiota profile in their infants (Hechler et al. 2019; M. A. Zijlmans et al. 2015). Maternal anxiety and intensity to daily hassles as well as salivary cortisol were related to a different gut microbiota composition in infants measured over the first 110 days of life. Specifically, babies of mothers who presented with high cumulative stress (as measured through questionnaires and cortisol analysis) had lower abundances of lactic acid bacteria such as Lactobacillus, Aerococcus, and Bifidobacteria while higher levels of Proteobacteria were also noted. Moreover, there was a different temporal development of the microbiota induced by prenatal stress. In a primate model of prenatal stress in rhesus monkeys exposed to acoustic noise during pregnancy, the same reduction in Bifidobacteria and Lactobacilli was noted (Bailey et al. 2004). These bacteria are usually present in high quantities in the young infant gut indicating that they play important roles in the developing gut-brain axis as highlighted by Sudo et al.’s seminal study (Sudo et al. 2004). These microbiota differences tip the balance toward an inflammatory profile, and gastrointestinal and allergic symptoms were more prevalent in babies born to mothers who had a higher cumulative stress score (Zijlmans et al. 2015).
Further support for the influence of maternal psychological well-being on the emerging microbiome of the infant was seen when pregnancy-related anxiety was associated with a higher diversity and lower levels of Proteobacteria phylum in the meconium of the babies (Hu 2019). Interestingly, this contrasts with Zijlmans et al.’s study but the sampling type and period were different, and it is well known that the infant’s microbiota profile changes rapidly and the meconium bacterial profile is associated with before-birth influences.
Beyond the neonatal period, the impact of prenatal maternal stress continues to be associated with ongoing shifts in infant microbiota diversity during the first 4 months, altered gut immune function (Kang et al. 2018) and GI disturbances later in infancy (Zijlmans et al. 2015).
While the exact mechanism of how maternal stress during pregnancy affects the emerging microbiota is not fully clear, there remains solid evidence to support the negative impact which requires further investigation.
Immunological Perturbations
In addition to prenatal stress, neurodevelopmental consequences are known to arise following exposure to a wide range of extraneous perturbations during pregnancy, including a host of bacterial and viral infections, autoimmunity, allergies, asthma, obesity, and environmental pollutants (Estes and McAllister 2016). These insults lead to activation of the mother’s innate and adaptive immune systems, triggering a release of pro-inflammatory mediators (cytokines and chemokines) that gives rise to a state of systemic inflammation (Patterson 2009). This would suggest that maternal immune activation (MIA) is, of itself, responsible for many of the observed neurodevelopmental consequences in the offspring, regardless of the underlying cause of that activation (Boulanger-Bertolus et al. 2018). Cytokines and chemokines are known to play important roles in normal brain development processes including neuronal and glial cell proliferation and differentiation as well as neuronal migration and synapse formation (Coulthard et al. 2018). Studies of the increased risk of disorders such as autism spectrum disorder (ASD) following MIA in the later periods of pregnancy (Bilbo et al. 2018) highlight the different microbial profile associated with ASD (Fattorusso et al. 2019) and stimulate investigations into how MIA may impact the developing gut and microbiota colonization which are coming to the fore.
A mouse model of MIA generated using the viral mimetic poly (I.C.) administered on embryonic day 12.5 demonstrated altered microbiota, gut permeability as well as altered communicative, stereotypic, anxiety-like, and sensorimotor behaviors in the offspring (Hsiao et al. 2013). Accompanying these changes were alterations in metabolomic profile. Interestingly, oral administration of Bacteroides fragilis to the offspring ameliorated all of the microbiome gut-brain axis defects (Hsiao et al. 2013).
Studies investigating the mechanisms underlying the impact of MIA on offspring brain development indicate that specific gut bacteria in the pregnant mothers with a tendency to induce TH17 cells increase the risk of neurodevelopmental disorders as seen as cortical and behavioral abnormalities (Choi et al. 2016). Furthermore, cortical abnormalities appeared to be confined to a region encompassing the dysgranular zone of the primary somatosensory cortex (S1DZ) (Shin Yim et al. 2017) with activation or reduction of activity of pyramidal neurons in the S1DZ enough to induce or rescue to the MIA-associated behavioral phenotypes.
While many studies have shown the impact of MIA on neurodevelopment, there are differences in the timing of the immune insult as well as the outcomes and thus far there has been little focus on the temporal effects on the microbiota (Brown and Meyer 2018; Ronovsky et al. 2016) and developing gut. Further studies are needed in order to determine the importance of timing of maternal immune activation on the developing microbiome gut-brain axis of the child (see also Chap. 7. Immune Models and Mechanisms).
Gut Microbiome and Psychotropic Medications During Pregnancy
Inherent to understanding of how maternal stress during pregnancy shapes early brain development is an appreciation of the impact of psychotropic medications used to manage perinatal mood disorders (see Chap. 19. Developmental Outcomes Associated with Antidepressant Medication Therapy, for details related to the impact of antidepressants). For instance, SSRI antidepressants inhibit the reuptake of 5-HT via a serotonin transporter blockade at presynaptic neurons, thereby increasing synaptic 5-HT (Goodnick and Goldstein 1998). Studies in germ-free (GF) mice provide unique mechanistic insights into the ways that gut microbiota regulate behavior via 5-HT and its precursor, tryptophan (Lukić et al. 2019a). For example, in GF mice, colonization of mice post-weaning normalizes tryptophan levels (Clarke et al. 2013) and transplantation of fecal microbiota from depressed adult humans alters tryptophan metabolism and induces depression-like behavior (e.g., anhedonia) in recipient mice (O’Mahony et al. 2015; Kelly et al. 2016). In humans, variations in the diversity of 5-HT-producing bacteria also alter central 5-HT signaling via regulation of tryptophan availability (O’Mahony et al. 2015) and bacterial metabolites (Bhattarai et al. 2017; Reigstad et al. 2015; O’Mahony et al. 2015; Dinan and Cryan 2017a). Lactobacillus plays a critical role regulating 5-HT and HPA systems that underlie stress-regulatory mechanisms (Backhed et al. 2005; O’Mahony et al. 2017; Sudo et al. 2004; Gareau et al. 2007; Ait-Belgnaoui et al. 2012; Mayer 2011) related to mood disorders (O’Mahony et al. 2015) and chronic pain (Felice and O’Mahony 2017). Emerging evidence raises the possibility that antipsychotics (Davey et al. 2013; Davey et al. 2012; Morgan et al. 2014; Macedo et al. 2017; Kalayci et al. 2015; Cussotto et al. 2019a, b) and psychotropic medications (SRIs) (Munoz-Bellido et al. 2000) also affect the diversity and function of the gut microbiome (Penalver Bernabe et al. 2020). Together these findings raise intriguing questions about whether maternal mood and related psychotropic medication treatment affects early brain development via an altered maternal microbiome.
In adult rats, psychotropic medications differentially influenced gut microbiota composition in vivo, and fluoxetine had antimicrobial effects in vitro (Cussotto et al. 2019a, b). Moreover, fluoxetine induced an endocrine-based alteration of mouse gut microbial diversity (Mark Lyte et al. 2019). In another mouse model, antidepressants reduced richness and increased beta diversity of gut bacteria (Lukić et al. 2019b). At the genus level, SRIs reduced Ruminococcus, and appeared to have a role in alleviating depressive-like behavior. Interestingly, treatment with R. flavefaciens reduced depressive-like behavior induced by the SRI duloxetine, raising the possibility that SSRIs may have an indirect role in treating depressive behaviors via the microbiome. In a mouse model, chronic unpredicted mild stress induced an increase in the abundance of pathogens and decrease in bacteria diversity, while fluoxetine restored the gut dysbiosis (Sun et al. 2019). The effects of SSRIs on maternal gut microbiota were examined in two different studies using a rat model of either gestational stress (GS) (Golubeva et al. 2018) or a genetic model of maternal vulnerability (MV) in combination with early life stress (sMV) (Ramsteijn et al. 2020). While GS induced a significant increase in the abundance of some species but not others, sMV induced a significant increase in alpha diversity. However, while co-administration of fluoxetine reversed the GS-induced changes, it induced major alterations in the sMV model including significant increases in Prevotella and Ruminococcus relative abundance. Whether these inconsistencies are related to differences in the model used or to the genetic background remains to be determined, but both these studies suggest that SSRI medications alter maternal microbiome differently than prenatal stress effects (Golubeva et al. 2018).
As SSRI are commonly used to manage mood disorders in pregnancy and given their impact on 5HT, especially due to its early role in neurodevelopment, early changes in central 5HT signaling (Gaspar et al. 2003) have shown to have long-term developmental and behavioral consequences on the offspring (Hanley et al. 2015; Brummelte et al. 2017). Thus, identifying microbiome-related factors that alter early 5HT signaling is central to understanding associations between the pregnant maternal mood and fetal development (Pawluski et al. 2019). Recent evidence from a population-based study suggests that SSRIs were negatively associated with Turicibacteraceae abundance which could contribute to altered gut microbiome diversity (Jackson et al. 2018; Clarke et al. 2006; Oleskin et al. 1998; Knecht et al. 2016; Lukić et al. 2019b), and it is conceivable that this might offer a possible mechanism underlying how SSRIs might shape—albeit indirectly—early brain development. Nonetheless, thus far only little is known about direct SSRI effects on the human gut microbiome. SSRI-treated depressed adults have increased indole metabolite production, reflecting a diversity shift in tryptophanase-producing bacteria and increased gut 5HT signaling (Calarge 2016). Infants born to depressed SRI-treated mothers had higher fecal Ruminococcaceae abundance than infants of non-medicated/depressed and non-depressed mothers (Kang et al. 2018). The long-term impact of these medications on gut microbiota and links between perinatal stress and early brain development warrants additional investigation.
Other psychotropic medications such as valproate has an impact on the gut microbiome (Cussotto et al. 2019a, b) and this anti-epileptic drug is known to increase the risk of ASD in humans when exposed during pregnancy (Veroniki et al. 2017). In utero exposure in rodents also increases the chance of ASD-like behaviors in the offspring (Fang et al. 2018). Furthermore, it was noted that valproic acid (VPA) changes the microbial composition and metabolite potential, reduces diversity (Liu et al. 2018) in a pattern similar to that seen in patients with ASD. These effects of VPA during pregnancy were ameliorated with a diet of n-3 and n-6 polyunsaturated fatty acids (PUFAs) including increased diversity and decrease the elevated Firmicutes (Wang et al. 2020). PUFAs are essential components for nervous tissue structure and function as well as being capable of affecting the gut microbiota. This highlights the importance of the gut microbiota in pregnancy on brain development and the possibility to manipulate it during adverse or non-ideal situations to enhance outcomes.
Imaging the Emerging Microbiome
Inspired by the fetal programming framework (Barker 2000), Heijtz et al. tested the idea that the gut microbiome serves as a significant environmental factor that shapes the brain’s development and function with possible long-term consequences (Diaz Heijtz et al. 2011). Heijtz showed that changes of the microbiota of GF mice during early periods of synaptogenesis modulate the levels of PSD-95 and synaptophysin, two indirect markers of maturation in the developing brain. These changes are time-sensitive and only occur when changes in the gut microbiota are restricted to a critical period of development and not in adulthood (see also Chap. 9. Imaging and Structural Changes). Also, these changes are region-specific and are apparent in the striatum but not in the prefrontal cortex or the hippocampus and are accompanied by changes in motor behavior and changes in open field test outcomes, representing anxiety-like behavior. Thus, these results suggest that gut microbiome triggers a neural cascade affecting the developing neural circuitry and behavior in a timely and spatially sensitive manner. Links between the gut microbiota and the developing brain were further explored in the context of maternal stress (reviewed in Hartman et al. 2019). While it is well established that prenatal stress affects infant’s brain development, the mechanisms by which such influences occur remain elusive. Within this framework, infant gut microbiome has been suggested as one possible mechanism by which these effects could be mediated. Thus, expanding on the idea brought up in a previous section, prenatal stress alters the gut microbiome of the mother and her offspring, which shapes brain development and may lead to the offsprings adverse outcomes. Notably, maternal stress in mice changes the maternal immunity protein and vaginal mucosal environment. These changes are vertically transmitted to the offspring’s’ microbiome, which further corresponds with altered metabolism and metabolic response in the offspring’s brain (Jasarevic et al. 2015a).
To better understand the emerging links between gut and brain function and structure, and how the microbiome relates to neurodevelopmental mechanisms, application of MR imaging has been recently used more often (Kohn et al. 2019; Weaver et al. 2016). In young pigs MR spectroscopy showed that fecal Ruminococcus is associated with lower levels of the key brain neurodevelopmental molecule n-acetylaspartate (NAA) (Mudd et al. 2017). Mice colonized with human subjects’ ADHD gut microbiota show changes in white matter integrity of the hippocampus and corpus callosum with reduced functional connectivity between motor and visual regions (Tengeler et al. 2020).
In human adults, links between gut microbiota and brain connectivity and behavior have been reported (Fernandez-Real et al. 2015; Kohn et al. 2019); with irritable bowel syndrome, shifts in microbiota diversity/abundance (De Palma et al. 2014) are associated with greater activation of stress and emotion-related brain regions such as the insula and the anterior cingulate cortex (Labus et al. 2017, 2019), while probiotics reduce the amygdala’s and fronto-limbic connectivity in response to negative stimulation and this reduction is also correlated with reduced depressive symptoms (Pinto-Sanchez et al. 2017). In healthy adults, a trial showed that probiotics affect the resting-state functional connectivity of the default mode network (DMM) and the salience network (Bagga et al. 2019) and also brain regions involved with emotion processing (Bagga et al. 2018; Liu et al. 2019; Tillisch et al. 2013). Interestingly, in a sub-sample (n=126) from the FinnBrain Birth Cohort, it was found that gut microbiota richness was significantly correlated with fear bias in 2.5 months old infant boys but not in girls, warranting additional investigation of links between emotional attention and gut microbiota (Tarro 2020). Additionally, a resting-state functional MRI study has shown that infant’s gut microbial alpha diversity was positively associated with the functional connectivity between the left amygdala and the thalamus and was negatively associated with the functional connectivity between the anterior cingulate and the anterior insula in 1-year olds (Gao et al. 2019). In a separate analysis reported on this dataset, it was shown that higher alpha diversity at 1 year was associated with poorer performance of visual reception and expressive language at 2 years was assessed using the Mullen Scales of the Early Learning composite, though alpha diversity associations with brain volume were only minimal (Carlson et al. 2018). In children, early adverse caregiving experiences (i.e., institutional care) were associated with changes in gut microbial alpha and beta diversity, and bacterial abundance in 8-year-old children, and these were correlated with prefrontal cortex activation (Callaghan et al. 2019).
Taken together, these emerging studies provide evidence that the gut microbiome is affected by prenatal exposures and may shape the brain’s structure, function, and behavior, though in humans and especially in early stages of development, the evidence is still preliminary and limited. Most human studies include relatively small number of subjects and require replication. Moreover, the gut microbiome during early stages of development has been suggested to show dynamic shifts dependent on food intake (Backhed et al. 2015) and single time assessments may not be accurately representing the microbiome.
While evidence from these studies is beginning to accumulate, this branch of research area is at its early stages and keeps evolving as microbiome sequencing and processing and sophisticated statistical approaches are becoming available (reviewed in Kelsey et al. 2019). Traditional linear regression models may serve as a starting point or for a proof of concept; however, the high dimensionality and non-linearity characteristics of these mixed source data (i.e., microbiome, and MR imaging data) require approaches that are adequate to handle the complexity of the data. To extract meaningful patterns from the massive amounts of data available form microbiome, a popular overarching approach is data mining. For instance, clustering algorithms have been proved to be very useful for analyzing clinical databases and may be helpful in revealing clusters of microbes that can characterize any developmental property in an optimal way (Kelsey et al. 2019).
Machine learning approaches which often use measures of data reduction, i.e., principal component analysis (PCA) or classification (i.e., random forest models), have also become more commonly used and have been suggested to affectively classify and predict behavioral variables. In a recent example, partial least squares (PLS) for mixed data (MiMoPLS) and PLS Correspondence Analysis (PLS-CA) approaches were used to examine shared covariance between brain measures and microbial abundance (Williams et al. 2019). These approaches illustrated novel associations between microbiome abundance and neonatal MRI measures of functional connectivity and metabolism, respectively. Combining data on gut microbiota together with neuroimaging tools can help us better describe the emerging gut-brain axis and can potentially increase our understanding of how the gut microbiota shapes brain development in health and disease, but we need to keep in mind that different approaches for analysis provide information on different aspects of the data, and should be selected very carefully based on the study’s focus and research question.
Summary
Our microbiota, especially the gut microbiota, is largely responsible for our health and well-being. Through gut-brain bidirectional connections, the microbiome is affecting key neuronal systems such as the hypothalamic-pituitary-adrenal (HPA) axis, serotonin signaling, and the neuroimmune system and is shaping brain function and behavior. During pregnancy, the maternal gut (and vaginal) microbiome is dynamic and changes in both alpha and beta diversity are evident as the pregnancy progresses, to accommodate the growing fetus. While the presence of bacteria in the placenta is still debatable, evidence suggests that the gut-brain connections are shaped already in the womb by prenatal programming mechanisms, as maternal microbiota is the prominent contributor for the offspring’s microbiome. Early life exposures such as maternal mood disturbances which are known to have long-term impact on the infant have shown to impact the maternal microbiome, as well as the microbiome profile of the offspring, evident by differences in the composition of the microbiome, and later changes in gut immune function between infants exposed to stress or anxiety during pregnancy compared to non-exposed infants. However, the mechanisms by which these influences occur need further investigation. MIA has also shown to have an impact on the offspring’s microbiota and gut physiology and behavior. While gut microbiome can regulate behavior through changes in 5-HT and its precursor tryptophan, psychotropic medication such as SSRI antidepressants has also been shown to affect the diversity and function of the microbiome. Studies have shown that SSRIs were associated with microbiota changes that were different than microbiota changes related to depression by itself. As SSRIs are commonly used to treat maternal mood during pregnancy and influence the 5-HT circuitry of the mother and her fetus, an intriguing question is whether prenatal SSRIs indirectly shape early brain development via mechanisms that involve changes in the microbiome that in turn alters gut-brain communication. To further explore this possibility, recent neuroimaging studies in both animal models and humans have been conducted and showed that gut microbiome is associated with changes in white matter integrity, brain activation and function in stress and emotion-related regions, motor and visual regions as well as the hippocampus and corpus callosum. In children, early adversities were associated with changes in microbiome diversity, and those were correlated with frontal activation. However, evidence for links between gut and brain function and behavior is still preliminary, and in order to provide more solid evidence, methodological approaches capable to deal with the complexity of microbiome and brain data will be needed.
Conclusions and Future Perspectives
Much progress has been made in mapping out the molecular mechanisms underpinning the normal development of the nervous system. The factors at play and the associated consequences of alterations in these neurodevelopmental processes still lacks resolution. Prenatal maternal stress has come under intense scrutiny in this regard. In this review, we argue that much of what we have learned to date needs re-evaluation in light of the emergence of the gut microbiome as a considerable new force impacting brain structure, function, and behavior and one which is also vulnerable to stress exposures. Indeed, some of the inconsistencies in the literature surrounding transplacental stress transfer mechanisms may well have their origins in the previously underappreciated contribution made by the gut microbiome. Interestingly, there is now a view that the genetic factors associated with neuronal dysfunction in neurodevelopmental disorders should also be considered in the context of the gastrointestinal dysfunction which is often comorbid (Niesler and Rappold 2020). We have reviewed above the empirical evidence from preclinical and clinical studies supporting a potential role for aberrant microbiome-gut-brain axis signaling as an additional mechanistic vehicle for the impact of prenatal stress on early brain development and subsequent postnatal psychopathology.
These observations leave many open questions that need to be answered before concrete recommendations can be made. Our understanding of how the developing brain responds to signature microbiome alterations—compositional and functional—arising from prenatal stress is rudimentary at best and will need systematic evaluation. Establishing causality is essential but clearly challenging. The current approach focusing on the adoptive transfer of behavioral phenotypes via fecal microbiota transfer as applied in other areas of microbiome science is more suited to a direct appraisal of the impact on the recipient rather than their developing offspring. This strategy, for example, is complicated by the possibility of distinct contributions of the stressed maternal microbiome prenatally and following vertical transmission during birth. Seeding the infant gut microbiome from unstressed mothers with specific microbial consortia linked to prenatal stress in preclinical studies offers an additional informative approach. Moving forward in this direction will require a translational focus and the innovative deployment of a full arsenal of multidisciplinary approaches. We envisage a requirement for new tools and techniques that permit more detailed assessments of the precise contribution of the gut microbiota during critical but sometimes distinct and occasionally overlapping neurodevelopmental windows.
A further consideration for future studies relates to pre-existing maternal psychopathology and the associated pharmacological management of maternal mental health, both of which are independently associated with an impact on the gut microbiome. Our discussion above highlights the extensive remodeling of the maternal microbiome and other features of the gut-brain axis during pregnancy and the likelihood that this occurs for the benefit of neurodevelopment. It is plausible that this remodeling process provides the optimal offspring benefits when it starts from a position of microbiome-gut-brain axis strength. One implication of this hypothesis is that countermeasures may be required preconception. Given the major role of diet in sculpting the gut microbiome, one option may be educational dietary interventions (Dawson et al. 2019). The physical health of the mother needs considerations also as microbiome differences exist in obese vs lean individuals. Resetting the impact of psychotropic drugs on the maternal gut microbiome requires further thought since it is not entirely clear from the current experimental data that these compositional alterations do not themselves confer benefits or how they impact the trajectory of gut microbiome remodeling during pregnancy. With this in mind, our investigations of how prenatal stress shapes early brain development shift from transplacental transfer mechanisms (i.e., cortisol) to extra-placental processes that involve changes in microbiocidal diversity, abundance, and function affected by maternal stress and psychotropic medication use during pregnancy.
Building resilience to the detrimental consequences of prenatal stress during critical neurodevelopmental windows is a key objective and one that we suggest now requires urgent consideration of the gut microbiome. The possibility of the development of new microbiota-directed interventions during pregnancy reduces the risk of prenatal stress on adverse neurodevelopment and psychopathology later in life. Such approaches could also be leveraged toward the parallel beneficial modulation of maternal mental health. Much work remains to attain the level of understanding that will be required to achieve these twin objectives, but the potential rewards are surely worth both the risks involved and the efforts that will be required.
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Introduction
The pace of fetal development by far exceeds any other period of the life span. The transformation from a single celled zygote to a newborn involves a carefully orchestrated series of events to produce all of the biological systems including the brain. The formation and maturation of the central nervous system commences during gestation and continues into the postnatal period such that the basic structural and functional architecture of the brain is present by the second postnatal year (Gilmore et al. 2018). Production of neurons begins as early as 42 days after conception (Stiles and Jernigan 2010), and by the end of the second trimester, only 20 weeks later, 200 billion neurons have been generated (Bourgeois 1997). Cell migration initiates during the first trimester, and when cells reach their final destination, they begin to arborize and dendritic branches are formed (Sidman and Rakic 1973). Synaptogenesis is present as early as the 16th gestational week indicating communication between neurons (Bourgeois et al. 1994; Kostović et al. 2002). The extraordinary pace of fetal brain maturation in utero means that both salutary and harmful experiences have the potential to alter the developmental trajectory with long-term consequences. Clearly, both genetic and environmental factors govern these brain maturational processes. Understanding the influence of prenatal experiences on brain development is critical because it then allows us to investigate individual differences in emotional and cognitive development and subsequent vulnerability and resilience to psychopathology.
The fetal programming or Developmental Origins of Health and Disease (DOHaD) hypothesis posits that during sensitive windows of fetal development, the environment can exert lasting influences on health and well-being across the life span (Barker 1990). This hypothesis was generated largely based on studies of in utero nutritional deprivation (Barker 1995; Blackwell et al. 1969; Godfrey et al. 1991). Subsequent evidence has documented that maternal psychological and biological stress during the prenatal period is an additional factor that influences fetal development (Class et al. 2008; Cottrell and Seckl 2009; Kapoor et al. 2006; Lou et al. 1994), birth outcomes (Baibazarova et al. 2013; Glynn et al. 2008; Lobel et al. 2008), and child development (Davis et al. 2011; Graignic-Philippe et al. 2014; O’Donnell et al. 2009). There is robust evidence that prenatal maternal stress predicts a range of outcomes in the offspring including negative emotionality and difficult temperament (Bhat et al. 2015; Davis et al. 2007; Werner et al. 2007), internalizing problems (Davis and Sandman 2012; Park et al. 2014; Van den Bergh et al. 2008), cognitive function (Bergman et al. 2007; Davis and Sandman 2010; Sandman and Davis 2010), and psychopathology (Betts et al. 2014; Khashan et al. 2008).
In the field to date, there is no consensus on how to define or operationalize prenatal stress. Because of this, measurement approaches vary widely and include exposures to stressful circumstances and trauma, to appraisals of and responses to threat. Due to this lack of consensus, for the purposes of this review, we define stress broadly to include exposures to stressors (e.g., traumatic experiences, daily hassles, chronic stressors), cognitive appraisals, and responses (these can include biological indicators and emotional reactions including symptoms of anxiety and depression). This chapter reviews and evaluates the empirical literature assessing the ontogenetic influences of prenatal maternal stress on brain maturation. To this end, we conducted a systematic review of papers assessing prenatal stress broadly defined and any direct measure of brain development including electroencephalography (EEG) and event-related potential (ERP), structural and functional magnetic resonance imaging (MRI), and diffusion tensor imaging (DTI).
Methods Used for Systematic Review
Prior to conducting the literature search, inclusion and exclusion criteria were specified. For this review, we included studies that met the following inclusion criteria: (a) quantitative; (b) empirical; (c) published in peer-reviewed journals; (d) conducted in humans; (e) quasi-experimental, observational, or epidemiological design; and (f) examined at least one index of maternal stress during pregnancy and investigated its association with offspring brain development (e.g., brain structure and function assessed via MRI, EEG, or DTI). Studies were excluded if they met the following exclusion criteria: (a) they did not investigate at least one index of maternal stress, (b) they were intervention studies (e.g., investigated effects of medication use such as Selective Serotonin Reuptake Inhibitors (SSRIs) or implemented cognitive behavioral therapy), and (c) they were conducted in only premature infants.
The following search string was applied in PubMed for articles published since 1980: Search: (pregnancy or prenatal or antenatal or gestation or neonatal or fetal and programming) and (maternal and adversity or stress or anxiety or distress or depression or mood or affect or mental health or trauma or immune or cortisol or CRH) and (MRI or magnetic resonance imaging or brain or DTI or diffusion tensor imaging or fMRI or imaging or ERP or EEG or white matter or connectivity or structure or ERP or electroencephalogram). Terms were searched within the abstract or article titles. A total of 3381 articles were identified by the search. Titles and abstracts were then screened for relevance, leaving a total of 42 articles. Full-text articles were inspected based on inclusion and exclusion criteria. A total of nine articles were removed for the following reasons: in premature infants = 2, genetic outcomes = 2, no index of prenatal maternal stress = 2, and only SSRI intervention = 3. Additional articles (n = 16) were identified by reviewing references in retrieved articles for a total of 49 articles (see Tables 9.1, 9.2, and 9.3).Table 9.1Associations between prenatal stress and child neurodevelopment in EEG and ERP studies


	Study
	Sample size and age group
	Prenatal assessment
	ERP components and stimuli
	Sex-gender moderation
	Adjustment for postnatal maternal stress
	Offspring outcomes

	EEG

	Diego et al. (2004)
	n = 80
Mage = 1 week (range = 5–13)
	Depression (CES-D ≥ 16; mid-pregnancy)
	–
	–
	Yes
	High vs. low depression (categorical):
-Greater right frontal EEG asymmetry.
-Newborns of mothers who reported postnatal depression in addition to prenatal depression had the highest asymmetry.

	Field et al. (2010)
	n = 911 newborns
Mage = not reported
	Depression and anxiety (SCID, CES-D ≥ 16, STAI; 20 and 32 weeks’ GA)
	–
	–
	–
	Depressed and anxious, depressed only, anxious only, no depression and anxiety (categorical, four groups):
-Depression alone and comorbid with anxiety was related to higher activation in right frontal EEG.

	Jones et al. (1998)
	n = 58 1 week olds
Mage = not reported
	Depression (CES-D ≥ 16)
	–
	–
	–
	High vs. low depression (categorical):
-Greater right frontal EEG asymmetry.

	Field et al. (2002a)
	n = 48 first 5 days
Mage = not reported
	Depression and anxiety (CES-D, STAI; 20 weeks’ GA)
	–
	–
	–
	Higher depression and anxiety (dimensional):
-Greater right frontal EEG asymmetry.

	Field et al. (2002b)
	n = 52
Mage = not reported (range = 2–4 days)
	Depression and anxiety (CES-D, STAI)
	–
	–
	–
	Higher depression and anxiety (dimensional):
-Negative association with left frontal EEG asymmetry.

	Field et al. (2003)
	n = 132 newborns
Mage = not reported
	Anxiety (STAI≥ 38)
	–
	–
	–
	High vs. low anxiety (categorical):
-Greater right frontal EEG asymmetry.

	Field et al. (2004)
	n = 92 newborns
Mage = not reported
	Depression and anxiety (CES-D, STAI)
	–
	–
	–
	Higher depression and anxiety (dimensional):
-Decreased left frontal activity compared to the right.

	Field et al. (2002c)
	n = 166 newborns
Mage = not reported
	Anger (POMS; median split; 20 weeks’ GA)
	–
	–
	–
	High vs. low anger (categorical):
-Greater right frontal EEG asymmetry.

	Hernandez-Reif et al. (2006)
	n = 53
Mage = 16 (8.2) days
	Depression (SCID, CES-D ≥ 16)
	Instrumental lullaby and lullaby with vocal sounds
	Yes
	–
	High vs. low depression (categorical):
-Greater right frontal EEG asymmetry only to music sounds with vocal components compared to newborns of non-depressed mothers who showed greater right frontal EEG asymmetry to both instrumental and vocal music sounds.
-Female neonates of depressed mothers exhibited the highest right frontal EEG asymmetry.

	Soe et al. (2016)
	n = 73
Baseline:
Mage = 184.5 (6.6) weeks postconceptual
Follow-up:
Mage = 553.8 (13.7) weeks postconceptual
	Depression (EPDS; 26 weeks’ GA and 3 months postpartum)
	–
	Yes
	Yes
	Higher depression (dimensional):
-Prenatal depression alone was not associated with EEG activity.
-Increases in maternal depressive symptoms from prenatal to postnatal period were associated with higher frontal activity and right frontal asymmetry at 6 months and smaller right frontal connectivity at 18 months.
-Greater postnatal than prenatal depressive symptoms were associated with greater right frontal activity only among girls.

	Lusby et al. (2014)
	n = 83
3 and 6 months
Mage = not reported
	Depression (BDI; 1–10 times in pregnancy, 3 and 6 months postpartum)
	–
	–
	Yes
	Higher depression (dimensional):
-Greater right frontal EEG asymmetry both at 3 and 6 months only in infants whose mothers had high levels of postnatal depression
-Postnatal depression alone was not associated with EEG patterns at neither 3 nor 6 months

	Lusby et al. (2016)
	n = 242
3, 6, and 12 months
Mage = not reported
	Depression (BDI; 1–13 times in pregnancy and 1–18 times postpartum)
	EEG recording during baseline and play period
	–
	Yes
	Higher depression (dimensional):
-Correlation between temperamental negative affectivity and right frontal EEG asymmetry; negative at 3 and positive at 12 months
-Postnatal depressive symptoms did not contribute to the findings beyond prenatal depression

	ERP

	Otte et al. (2015)
	n = 82
Mage = 303.1 (14.1) days
	Anxiety (STAI and SCL-90; 3 times in pregnancy)
	-P150, N250, P350, N450, P650
-Happy, fearful faces coupled with sounds
	–
	Yes
	Higher anxiety (dimensional):
-Greater P350 amplitudes to fearful sounds (e.g., sudden intake of breath)
-The association persisted after adjusting for postnatal anxiety
-Similar trends were documented for P150, N450, and P650, but they did not reach significance

	van den Heuvel et al. (2015)
	n = 79
Mage = 43.9 (1.8) weeks
	Anxiety and mindfulness (SCL-90, FMI; 22 weeks’ GA and 10 months postpartum)
	-N250, P150
-Auditory oddball paradigm
	–
	Yes
	Higher anxiety (dimensional):
-Greater N250 amplitudes to predictable sounds
-N250 amplitudes were lower to predictable sounds with increasing prenatal mindfulness
-Mindfulness was associated with greater P150 amplitudes
-Postnatal anxiety was not correlated with ERPs

	van den Heuvel et al. (2018)
	n = 86
Mage = 48 (0.8) months
	Anxiety
(SCL-90; 21 weeks’ GA and postpartum)
	-LPP
-Pleasant, unpleasant, and neutral pictures
	Yes
	Yes
	Higher anxiety (dimensional):
-Higher LPP activity to neutral pictures
-Females had greater LPPs to pleasant than unpleasant stimuli
-Findings remained significant after adjusting for postnatal anxiety

	Mennes et al. (2009)
	n = 23
17 years
Mage = not reported
	Anxiety
(STAI ≥ 43; 12–22 weeks’ GA)
	-P2a
-Go/no-go and gambling paradigms
	Only males
	–
	High vs. low anxiety (categorical):
-Go/no-go task; no difference between low and high anxiety groups
-Gambling paradigm; high anxiety group had greater P2a activity compared to low anxiety group


Arranged by age at child assessment within EEG and ERP
Legend: BDI Beck Depression Inventory, CES-D Center for Epidemiological Studies Depression Scale, EEG Electroencephalography, ERP Event-related potential, EPDS Edinburgh Postnatal Depression Scale, FMI Freiburg Mindfulness Inventory, GA Gestational age, LPP Late positive potentials, POMS Profile of mood states, P2a Anterior P2, SCID Structured Clinical Interview for DSM-IV, SCL Symptom checklist, STAI Spielberger State-Trait Anxiety Inventory


Table 9.2Associations between psychological indicators of prenatal stress and child neurodevelopment in MRI studies


	Study
	Sample size and age group
	Prenatal assessment
	Sex-gender moderation
	Adjustment for postnatal maternal stress
	Offspring outcomes

	DTI

	Rifkin-Graboi et al. (2015)
	Low anxiety:
n = 33
Mage = 39.94 (1.3) weeks’ postconceptional age
High anxiety:
n = 21
Mage = 40.1 (1.3) weeks’ postconceptional age
	Anxiety (STAI low ≤ 70, high ≥ 90; 26–28 weeks’ GA)
	–
	–
	High vs. low anxiety (categorical):
-Lower FA in right insular cortex, right UF, posterior cingulate, parahippocampus, dlPFC, inferior fronto-occipital, right middle occipital, right inferior temporal, bilateral superior temporal, left postcentral regions, right angular region
-Lower AD in lateral orbitofrontal region and left inferior cerebellar peduncle
-Higher AD in genu of the corpus callosum
-Similar outcomes found when depression is measured dimensionally; however, with fewer associated regions overall
-In a subset (n = 25), no associations of WM indices and internalizing/externalizing symptoms remained significant after multiple corrections at 1 year of age

	Rifkin-Graboi et al. (2013)
	Low-normal EPDS:
n = 42, Mage = 40.2 (1) weeks postconceptual
High EPDS:
n = 28, Mage = 40 (1) weeks postconceptual
	Depression (EPDS low-normal ≤ 5, high ≥ 13; 26 weeks’ GA)
	Yes
	–
	High vs. low-normal depression (categorical):
-Lower FA in the left and right amygdala and lower AD in the right amygdala
-No significant associations found when depression measured dimensionally.
-Sex-gender did not moderate these associations

	Dean et al. (2018)
	n = 101
Mage = 33.1 days (range = 18–50)
	Anxiety and depression (EPDS and STAI composite; 28 and 35 weeks’ GA)
	Yes
	–
	Higher depressive and anxiety symptoms (dimensional):
-Higher DTI diffusivities (MD, RD, and AD) within anterior, superior, and posterior corona radiata, external capsule, and dorsolateral PFC
-Lower intracellular volume fraction within superior, middle, and inferior frontal gyrus, superior corona radiata, right external capsule, precentral and postcentral gyri, and bilateral frontolateral orbital gyrus
-No significant associations with FA following correction
-Lower FA in females and higher FA in males with higher exposure in several regions (e.g., corona radiata, posterior internal capsule, sagittal stratum, and stria terminalis); similar pattern also found for intracellular volume fraction

	Jha et al. (2016)
	Depression history:
n = 41
Mage = 28 (14.5) days
Control:
n = 82
Mage = 27.1 (12.9) days
	Depression (Self-reported depression diagnosis corroborated via medical record)
	–
	–
	Depressed vs. control (categorical):
-No differences found in WM microstructure between groups

	Posner et al. (2016)
	Depressed:
n = 20
Mage = 5.7 (1.7) weeks
Control:
n = 44
Mage = 6 (1.9) weeks
	Depression (CES-D ≥ 16, PSS, HDRS; 34 and 37 weeks’ GA)
	–
	Yes
	Depressed vs. control (categorical):
-Decreased structural connectivity between the right amygdala and right ventral PFC
-Findings remained significant after accounting for postnatal depressive symptoms

	Lebel et al. (2016)
	n = 52
Mage = 3.6 years (range = 2.6–5.1)
	Depression (EPDS; 11, 17, 32 weeks’ GA and 11 weeks postpartum)
	Yes
	Yes
	Higher depressive symptoms (17 weeks; dimensional):
-Negative correlation with radial and mean diffusivity in white matter of the inferior frontal area (lateral portions of the uncinate, inferior fronto-occipital, and arcuate fasciculi); however, no association with diffusion parameter correlations remained significant after accounting for postnatal EPDS
-No associations at 11 or 32 weeks with WM
-Sex-gender did not moderate these associations

	Wen et al. (2017)
	n = 235
Mage = 4.5 (0.1) years
	Depression (EPDS; 26 weeks’ GA and 3 months postpartum, BDI; 1, 2, 3, and 4.5 years postpartum)
	Yes
	Yes
	Higher depressive symptoms (dimensional):
-No associations with amygdala FA in the whole sample
-Greater postnatal maternal depression was associated with higher right amygdala FA in girls only
-Results remained the same when accounting for postnatal symptoms

	Sarkar et al. (2014)
	n = 22
Mage = 7 years (range = 6–9)
	Stress (SLE; 17 months postpartum)
	Yes
	Yes
	Higher stressful life events (dimensional):
-Higher right UF FA and lower right UF perpendicular diffusivity.
-Trend for stronger main effects within females compared to males (not significant)
-No associations between postnatal SLEs or postnatal depression on WM

	El Marroun et al. (2018)
	n = 636
Mage = 8 years (range = 6–9)
	Depression (BSI; 20.6 weeks’ GA and 3 years postpartum)
	–
	Yes
	Higher depressive symptoms (dimensional):
-Lower FA and higher MD in the cingulum
-Higher MD in the UNC
-No association of maternal postnatal depression at 3 years on WM

	Jensen et al. (2018)
	n = 393
Mage = 19.6 years (range = 18–21)
	Stress (Questionnaire assessing SLE; 18 weeks’ GA and 8, 21, 33, 47 months and 12–16 years postpartum)
	Males only
	–
	Higher stressful life events (dimensional):
-Lower global magnetization transfer ratio (MTR) in the genu and splenium and lower myelin water fraction (MWF) in the splenium and FA in the genu of the corpus callosum
-Associations remained when accounting for postnatal stress exposure

	Volume and thickness

	aJha et al. (2016)
	History of depression:
n = 41
Control:
n = 82
Mage = 27.98 days (range = 27–29)
	Depression (Diagnosis from self-report and medical record)
	–
	–
	Depressed vs. control (categorical):
-No differences in brain volume between groups
-When preterm infants were excluded from the analysis, the right calcarine and lingual area had lower volume in newborns whose mothers had a history of depression. However, this association did not persist when gestational age at birth was adjusted.

	bQiu et al. (2015c)
	n = 146
Newborns
Mage = not reported
	Anxiety (STAI Trait Form; 26 weeks’ GA)
	–
	–
	Higher anxiety symptoms (dimensional):
-No associations with cortical thickness

	Moog et al. (2018)
	n = 86
Mage = 26 days (range = 5–64)
	History of trauma (CTQ)
	Yes
	Yes
	High vs. low maternal history of childhood maltreatment (categorical):
-Lower gray matter volume
-Global than regional differences in cortical gray matter explained the association
-Sex-gender did not moderate the association
-Findings remained after covarying for postnatal depressive symptoms

	Qiu et al. (2013)
	Baseline:
n = 175
Mage = 40.1 (1.2) weeks’ postconceptual age
Follow-up:
n = 35
Mage = 66.4 (1.9) weeks’ postconceptual age
	Anxiety (STAI Trait Form; 26 weeks’ GA and 3 months postpartum)
	Yes
	Yes
	Higher anxiety symptoms (dimensional):
-Slower growth of the left and right hippocampus from neonatal period to 6 months
-Sex-gender did not moderate the association between prenatal anxiety and hippocampal volume at any time point
-After postnatal anxiety was adjusted, the association was stronger for the right hippocampus

	bQiu et al. (2017)
	Singapore cohort:
n = 168, Mage = 40.1 (1.2) weeks’ postconceptual age
USA cohort:
n = 85, Mage = 43 (2.1) weeks’ postconceptual age
	Depression (EPDS; 26 weeks’ GA)
	–
	–
	Higher depressive symptoms (dimensional):
-No significant associations with amygdala or hippocampal volume

	Lebel et al. (2016)
	n = 852
Mage = 3.6 years (range = 2.6–5.1)
	Depression (EPDS; 11, 17, 32 weeks’ GA, and 3 months postpartum)
	Yes
	Yes
	Higher depressive symptoms (17 weeks; dimensional):
-Lower cortical thickness in the right inferior frontal and middle temporal regions
-This association was stronger for girls than boys
-Associations persisted after adjusting for postnatal depressive symptoms

	Bjørnebekk et al. (2015)
	Risk group:
n = 10
Mage = 54.5 (1.8) months
Control:
n = 17
Mage = 54.9 (0.8) months
	Mental health problems (MCMI-III; third trimester)
	Yes
	–
	Maternal history of mental health problems vs. no history (categorical):
-Smaller volume of the putamen
-Sex-gender did not moderate the association between maternal history of mental health problems and volume in any region

	Wen et al. (2017)
	n = 235
Mage = 4.58 (0.1) years
	Depression (EPDS; 26 weeks’ GA and 3 months postpartum, BDI; 1, 2, 3, and 4.5 years postpartum)
	Yes
	Yes
	Higher depressive symptoms (dimensional):
-Larger left and right amygdala volume among girls
-After covarying postnatal depression, the association disappeared for the general sample but persisted among girls

	Sandman et al. (2015)
	n = 81
Mage = not reported (range = 6–9 years)
	Depression (CES-D; 19, 25, and 31 weeks’ GA, BDI; postpartum)
	–
	Yes
	Higher depressive symptoms (dimensional):
-Cortical thinning in the frontal, parietal, occipital regions and the whole cortex
-The association was stronger in the right frontal lobe
-Depressive symptoms at 25 weeks’ GA showed the highest rates of cortical thinning
-Cortical thickness in the right prefrontal region mediated the association between depressive symptoms at 25 weeks’ GA and child externalizing behaviors
-The findings persisted after adjusting for postnatal depressive symptoms

	Buss et al. (2010)
	n = 35
Mage = 7.2 years (range = 6–9)
	Anxiety (10-item scale; 19, 25, 31 weeks’ GA and 8 weeks postpartum)
	–
	Yes
	Higher anxiety symptoms (dimensional):
-No significant association with total gray matter volume
-Regional analysis revealed volume reductions in anterior, orbitofrontal, dorsolateral, and ventrolateral PFC predicted by prenatal anxiety at 19 weeks’ GA
-Findings remained after adjusting for postnatal anxiety

	El Marroun et al. (2016)
	n = 654
Mage = 7.9 years (range = 6–10)
	Maternal and paternal depression (BSI; 21 weeks’ GA and 3 years postpartum)
	–
	Yes
	Higher depressive symptoms (dimensional):
-Decreased cortical thickness in the left superior frontal cortex and increased cortical surface area in the caudal middle frontal region
-Less gyrification in the right superior frontal, the left rostral middle frontal, and superior temporal cortex
-When postnatal depressive symptoms were adjusted, prenatal depressive symptoms no longer predicted gyrification process
-Paternal depressive symptoms were not associated with any volumetric measures

	Davis et al. (2020)
	n = 67
Mage = 7.1 (0.9) years
	Perceived stress (PSS; 15, 19, 25, 31 weeks’ GA and 2 months postpartum)
	Yes
	Yes
	Higher perceived stress (dimensional):
-Cortical thinning mostly in frontal (e.g., rostral middle, caudal middle, lateral OFC, pars triangularis, and pars orbitalis) and temporal regions (e.g., superior, middle, right inferior temporal cortices, fusiform gyrus, temporal pole, and the left EC)
-Further analysis suggested that cortical thinning may be a mediator between prenatal stress and depressive symptoms in adolescence
-Sex-gender did not moderate these associations
-Associations persisted after adjusting for postnatal stress

	Marečková et al. (2019)
	n = 93
Mage = 23.7 (0.5) years (males), 23.6 (0.5) years (females)
	Stress (Stressful life events questionnaire)
	Yes
	–
	Higher stress (dimensional):
-Lower gray matter volume globally and in the mid-dorsolateral frontal cortex, ACC, and precuneus
-Sex-gender did not moderate the association

	Favaro et al. (2015)
	n = 35
Mage = 25.6 years (range = 15–40)
	Stress (semi-structured interview of life events; retrospectively)
	Females only
	Yes
	Higher prenatal stress (dimensional):
-Smaller volume of medial temporal lobe and bilateral amygdala
-Associations persisted after adjusting for postnatal stress

	Connectivity

	aRotem-Kohavi et al. (2019)
	Depressed:
n = 16 Mage = 292.6 (217.9) hours
Control:
n = 17
Mage = 199.9 (161) hours
	Depression (HDRS ≥ 8; 26 and 36 weeks’ GA)
	–
	–
	Depressed vs. control (categorical):
-Increased connector hub values in the left anterior cingulate, left insula, and left caudate compared to controls
-Increased provincial hub values in the left amygdala compared to controls

	Posner et al. (2016)
	Depressed:
n = 20
Mage = 5.7 (1.7) weeks
Control:
n = 44
Mage = 6 (1.9) weeks
	Depression (CES-D ≥ 16, PSS, HDRS; 34 and 37 weeks’ GA)
	-
	Yes
	Depressed vs. control (categorical):
-Increased negative bilateral connectivity between amygdala and a midcingulate/dorsal PFC cluster
-Amygdala and dorsal PFC connectivity significantly mediated the relationship between maternal depression and fetal heart rate reactivity to an in utero challenge
-Results remained significant when adjusting for postnatal maternal depression

	Qiu et al. (2015a)
	n = 24
Mage = 66.6 (1.8) weeks’ postconceptual age
	Depression (EPDS; 26 weeks’ GA and 3 months postnatal)
	-
	Yes
	Higher depressive symptoms (dimensional):
-Greater connectivity of the left amygdala, bilateral medial PFC including ACC, medial OFC and vmPFC, and left insula in the left superior, middle, and temporal cortex and left EC
-Results remained significant when adjusting for postnatal maternal depression

	Soe et al. (2018)
	n = 128
Mage = 4 years (range = 4.4–4.8)
	Depression (EPDS; 26 weeks’ GA, 3 months postnatal, BDI; 1, 2, 3, and 4.5 years postnatal)
	Yes
	Yes
	Higher depressive symptoms (dimensional):
-Lower connectivity of left amygdala with the right insula and putamen, and bilateral subgenual ACC and caudate
-Lower connectivity of the right amygdala with the left OFC and temporal pole
-Associations were present in girls, but not in boys
-Results remained significant when accounting for postnatal maternal depression
-Greater pre- than postnatal depressive symptoms were associated with lower connectivity of the left amygdala with bilateral subgenual ACC and left caudate and of the right amygdala with the left OFC and temporal pole

	Favaro et al. (2015)
	n = 35
Mage = 25.6 years (range = 15–40)
	Stress (semi-structured interview of life events; retrospectively)
	Females only
	Yes
	Higher stress (dimensional):
-Positive rsFC connectivity between left MTL and rostral region of the pregenual anterior cingulate cortex
-Results remained significant when accounting for postnatal stress


Arranged by type of MRI outcome and age at child assessment
Legend: ACC Anterior cingulate cortex, AD Axial diffusivity, BDI Beck Depression Inventory, BSI Brief Symptom Inventory, CES-D Center for Epidemiological Studies Depression Scale, CTQ Childhood Trauma Questionnaire, dlPFC Dorsolateral prefrontal cortex, DTI Diffusion tensor imaging, EC Entorhinal cortex, EPDS Edinburgh Postnatal Depression Scale, FA Fractional anisotropy, FDR False discovery rate, GA Gestational age, HDRS Hamilton Depression Rating Scale, STAI Spielberger State-Trait Anxiety Inventory, MD Mean diffusivity, MCMI Millon’s Clinical Multiaxial Inventory, MTL Medial temporal lobe, PSS Perceived Stress Scale, PFC Prefrontal cortex, OFC Orbitofrontal cortex, RD Radial diffusivity, rsFC Resting-state functional connectivity, SLE Stressful Life Events Questionnaire, UF Uncinate fasciculus, vmPFC Ventromedial prefrontal cortex, WM White matter
aSSRI studies: Findings independent of SSRI measures were mentioned only. bGenotype studies: Findings independent of genotype measures were mentioned only


Table 9.3Association between biological indicators of prenatal stress and neurodevelopment


	Study
	Sample size and age group
	Prenatal assessment
	MRI measure
	Sex-gender moderation
	Adjustment for postnatal maternal stress
	Offspring outcomes

	Sandman et al. (2018)
	n = 97
Mage = 7.3 years (range = 6–9)
	pCRH (from plasma; 15, 19, 24, and 30 weeks’ GA)
	Structural MRI (thickness)
	Yes
	–
	Elevated pCRH (dimensional):
-Average: decreased thickness primarily within temporal and frontal regions including bilateral caudal, middle frontal, and right temporal pole
-Early gestation (19 weeks): decreased thickness within frontal poles
-Late gestation (31 weeks): decreased thickness in lateral temporal and paracentral regions
-Associations stronger in girls than boys at both 19 and 31 weeks’ GA

	Davis et al. (2017)
	n = 91
Mage = 7.4 years (range = 6–9)
	Cortisol (from plasma; 19 and 31 weeks’ GA)
	Structural MRI (thickness)
	Yes
	Yes
	Higher cortisol level exposure in late gestation (dimensional):
-9.4% increase in thickness in left frontal cortical regions; most strongly in bilateral rostral middle frontal, lateral orbito-frontal, and pars triangularis; superior frontal, caudal middle frontal, pars opercularis and pars orbitalis, paracentral and precentral regions
-Early elevations: thickness weaker, only within occipital regions
-Late elevations: enhanced child cognitive performance
-No differences by sex-gender
-Findings remained after covarying for postnatal depression

	Buss et al. (2012)
	n = 65
Mage = 7.5 years (range = 6–9)
	Cortisol (from saliva; 15, 19, 25, and 37 weeks’ GA)
	Structural MRI (volume)
	Yes
	Yes
	Higher cortisol level exposure in earlier but not later gestation:
-Larger right amygdala volume only in girls, not boys
-Amygdala volume partially mediated relationship between cortisol exposure and concurrent affective problems in girls
-No difference in hippocampal volume based on sex-gender
-Results remained after covarying for postnatal depression

	Davis et al. (2013)
	Exposed:
n = 18
Mage = 8.5 (1.3) years
Non-exposed:
n = 36
Mage = 8.1 (1.1) years
	Synthetic glucocorticoid betamethasone (29.3 weeks’ GA)
	Structural MRI (thickness)
	–
	–
	Fetal glucocorticoid exposed vs. non exposed (categorical):
-Widespread cortical thinning (4% of cortex thinner in exposure group); most prominent decreased thickness in rACC
-Decreased thickness of rACC associated with more child affective problems

	Graham et al. (2018)
	n = 70
Mage = 3.7 (1.7) years
	Cortisol (from saliva; 13, 21, and 30 weeks’ GA)
	Functional MRI (resting state connectivity)
	Yes
	–
	Elevated cortisol:
-Stronger connectivity of amygdala and the left supramarginal gyrus, STG, right ITG, and dlPFC in sex-gender-specific manner
-Stronger connectivity of the amygdala to these brain regions in girls and weaker connectivity of the amygdala to these regions in boys
-Results were significant when accounting postnatal depression
-In girls only, elevated cortisol was related to internalizing symptoms, and stronger amygdala connectivity mediated this association

	Kim et al. (2016)
	Girls:
n = 22
Mage = 7.3 (0.9) years
Boys:
n = 27
Mage = 7.29 (0.9) years
	Cortisol (from plasma; 15, 19, 25, 31, and 37 weeks’ GA)
	Functional MRI (connectome)
	Yes
	–
	Higher cortisol:
-Less network segregation (higher module cost) in girls only, strongest association with cortisol at 31 weeks
-Altered connectivity partially mediated the relation between cortisol and internalizing symptoms
-No differences by sex-gender in global network measures

	Rasmussen et al. (2019)
	Baseline:
n = 86
Mage = 3.7 (1.7) weeks
Follow-up:
n = 32
Mage = 54 (3.1) weeks
	Pro-inflammatory marker IL-6 (from serum; 12, 20, and 30 weeks’ GA)
	DTI
	Yes
	–
	Higher IL-6 concentrations (averaged across pregnancy):
-Inversely associated with FA in the central portion of the UF proximal to the amygdala
-Sex-gender did not moderate the association between IL-6 concentrations and UF and FA

	Graham et al. (2018)
	n = 86
Mage = 3.8 (1.8) weeks
	Pro-inflammatory marker IL-6 (from serum; 12, 20, and 30 weeks’ GA)
	Structural and functional MRI
	–
	–
	Higher maternal IL-6 concentrations (averaged across pregnancy):
-Larger volume in the right amygdala
-Increased bilateral amygdala connectivity to fusiform gyrus, somatosensory cortex, thalamus, anterior insula, caudate, and parahippocampal gyrus
-Larger volume in amygdala and increased connectivity in the left amygdala predicted lower impulse control at the age of 2

	Rudolph et al. (2018)
	n = 84
Mage = 3.8 (1.8) weeks
	Pro-inflammatory marker IL-6 (from plasma; 12, 20, and 30 weeks’ GA)
	Functional MRI
	–
	–
	Maternal IL-6 concentrations (averaged across pregnancy):
-Could be estimated via machine learning using between and within network neonatal functional connectivity, most notably the subcortical, salience, and dorsal attention networks
-Deficits in working memory at age 2 in subset of the data (n = 46)

	Spann et al. (2018)
	n = 36
Mage = 42.5 (1.7) weeks’ postmenstrual age
	Pro-inflammatory markers IL-6 and CRP (plasma; 34, 37 weeks’ GA)
	Functional MRI (connectivity)
	Yes
	–
	Higher maternal IL-6 concentrations (averaged across pregnancy):
-Greater left insula connectivity to mPFC and left lateral occipital gyrus
-Weaker connectivity between dACC and dorsomedial PFC
Higher maternal CRP levels (averaged across pregnancy):
-Greater connectivity between the left insula and right TPJ, the right insula and basal ganglia, and dACC and the cuneus, TPJ, and extrastriate cortex
-Weaker dACC connectivity to dmPFC and the right basal ganglia


Legend: CRP C-reactive protein, dACC Dorsal anterior cingulate cortex, dlPFC Dorsolateral prefrontal cortex, dmPFC Dorsomedial prefrontal cortex, DTI Diffusion tensor imaging, FA Fractional anisotropy, GA Gestational age, IL-6 Interleukin-6, ITG Inferior temporal gyrus, mPFC Medial prefrontal cortex, MRI Magnetic resonance imaging, pCRH Placental corticotropin-releasing hormone, rACC Rostral anterior cingulate cortex, STG Superior temporal gyrus, TPJ Temporoparietal junction, UF Uncinate fasciculus, WISC-IV Wechsler Intelligence Scale for Children



The identified papers shown in Tables 9.1, 9.2, and 9.3 were organized and presented as follows. First, we will begin with a review of prenatal psychosocial stress (e.g., anxiety, depression, and stressful life experiences) on (EEG) and (ERP) studies depicting surface level brain functioning (Table 9.1), extending our discussion to structural and functional MRI studies (Table 9.2). Physiological alterations in hypothalamic-pituitary-adrenal (HPA) axis functioning and the immune system in pregnancy will then be reviewed as putative biological mechanisms underlying stress-related alterations in development (Table 9.3). Finally, we will review sex/gender differences, the joint and independent roles of the pre- and postnatal environments, and evidence for gene-environment interactions as important considerations when examining links between prenatal stress exposure and infant neurodevelopment.
Prenatal Stress Exposure and Offspring Development
EEG and ERP
Cortical function in the brain starts developing during the fetal period and exhibits a complex structure as early as third trimester (Dehaene-Lambertz and Spelke 2015). There is evidence showing that functional brain activity is related to prenatal exposure to maternal stress (Van den Bergh et al. 2018). Electroencephalography (EEG) is a noninvasive method that directly measures electrical neuronal activity from the scalp. EEG can measure brain activity in resting state or in response to stimulus presentation. Event-related potentials (ERPs) are time-locked components evoked by sensory, motor, or cognitive stimuli and are measured by averaging EEG waveforms (DeBoer et al. 2013). In this section, we will review both EEG and ERP studies conducted with infants and children who were exposed to prenatal maternal stress.
Electroencephalography
There are multiple distinct waveforms measured through EEG, each with a different frequency band. The most common EEG rhythms that have been the focus of research are alpha, theta, delta, beta, and gamma bands (Stroganova and Orekhova 2013). Most of the work on prenatal stress and EEG activity has investigated hemispheric asymmetry in alpha power (Marshall and Fox 2013). Alpha asymmetry in infancy is consistent across different contexts, such as inhibition of attention (Orekhova et al. 2001), poor maternal caregiving (Hane et al. 2010) and negative affect (Calkins et al. 1996), and it persists through development (Lusby et al. 2014). Greater activation in the left hemisphere relative to the right (left frontal EEG asymmetry) is thought to be related to approach behavior (Davidson 1992). On the other hand, greater activation in the right hemisphere relative to the left (right frontal EEG asymmetry) has been associated with withdrawal behavior (Davidson 1992). Right frontal EEG asymmetry is linked to emotional and behavioral problems in children (Ashman et al. 2008) and depression and negative affectivity in adults (Davidson et al. 2000; Henriques and Davidson 1991) and thus is considered to be an early biomarker of depression (Allen and Reznik 2015).

Most studies focusing on prenatal stress and infant laterality have assessed EEG activity within the first year following birth. Findings across these studies consistently demonstrate that infants of mothers with higher depressive or anxiety symptoms in pregnancy have greater right frontal EEG asymmetry as compared to infants of mothers with low stress (Aaron Jones et al. 1998; Field et al. 2010; Lusby et al. 2016). For example, in a series of studies, Field and colleagues documented that neonates of mothers who reported higher levels of depression (Diego et al. 2004), anxiety (Field et al. 2003), or anger (Field et al. 2002) prenatally showed greater right frontal EEG asymmetry relative to infants without these exposures. Furthermore, when three groups of women diagnosed with prenatal depression, prenatal anxiety, or comorbid prenatal depression and anxiety were compared with a psychologically healthy group, neonates of both the comorbid group and depression group showed greater right frontal EEG asymmetry (Field et al. 2010). The relation between prenatal depression and infant right frontal EEG asymmetry was also documented in subclinical samples that reported depressive symptoms (Lusby et al. 2014). In addition to these resting-state EEG studies, one study measured EEG activity to investigate music perception in infants of prenatally depressed mothers. Music sounds are unfamiliar stimuli for newborns, and the pattern of greater right frontal EEG asymmetry is consistent with withdrawal behavior. Thus, the authors proposed that right frontal EEG asymmetry was the expected response to music sounds without vocalization (i.e., instrumental lullaby) in contrast to music sounds with vocalization. Interestingly, neonates of prenatally depressed mothers showed right frontal EEG asymmetry in response to vocal sounds only, which the authors interpret as suggesting they did not demonstrate a normative pattern of right frontal EEG asymmetry to instrumental music category (Hernandez-Reif et al. 2006).
Overall, studies consistently report associations between prenatal maternal stress and right frontal EEG asymmetry during infancy. Most studies examined the neonatal period before postnatal factors are likely to exert a significant influence, thereby highlighting the unique role of the prenatal environment. Moreover, the reports showing associations between prenatal stress and right frontal EEG asymmetry throughout infancy suggest persisting effects of prenatal stress within the first year of life. This pattern may indicate a vulnerability to the development of internalizing problems, and future research with longer-term follow-up is needed to address this question.
Event-Related Potentials
Relatively few studies have evaluated the association between prenatal stress and electrophysiological response using ERP in the offspring. The few studies that exist vary in both the age at assessment and the type of task employed, and thus, the ability to synthesize this literature is limited. One study measured multimodal emotion processing in 9-month-olds and its relation to prenatal anxiety by presenting fearful and happy faces accompanied by fearful and happy vocalizations (Otte et al. 2015). This task was designed to assess processing of positive and negative emotional stimuli presented visually and auditorily. Independent of the facial expression presented (visual stimuli), infants of mothers who reported higher prenatal anxiety had larger P350 amplitudes to fearful vocalizations (auditory stimuli). The P350 is an infant component that peaks in response to auditory stimuli (Kushnerenko et al. 2002). This finding suggests that prenatal maternal anxiety is associated with hypervigilance to fearful stimuli, consistent with behavioral studies showing an association between prenatal anxiety and offspring fearful temperament and internalizing problems (Betts et al. 2014; Blair et al. 2011; Davis et al. 2004; O’Donnell et al. 2014). A second study used the oddball paradigm to assess auditory attention reflected via the N250 ERP component to one predictable and three unpredictable sounds in 9-month-old infants. The N250 is thought to be a developmental precursor of adult component N2 (Kushnerenko et al. 2002), which reflects selection of stimulus and orienting response (Key et al. 2005). Although the expectation in the oddball paradigm was the differential processing of unpredictable sounds, infants did not show the expected pattern of larger N250 amplitude to unpredictable sounds compared to the predictable sound. Instead, infants whose mothers reported higher anxiety during pregnancy had greater N250 amplitudes in response to the predictable sound compared to the infants whose mothers had lower prenatal anxiety (van den Heuvel et al. 2015). The authors suggest that the findings indicate that infants of mothers who had higher prenatal anxiety symptoms did not habituate to the predictable sound as much as infants whose mothers reported lower prenatal anxiety. This same cohort of children was followed up at 4 years of age in an ERP study that was designed to examine the relation between prenatal anxiety and affective picture processing in preschoolers. In the follow up study they looked at the late positive potential (LPP), a component used to assess processing of affective visual stimuli (Moran et al. 2013). When presented with visual stimuli that consisted of pleasant (i.e., candy, happy scenes), neutral (i.e., household objects, nature scenes), and unpleasant (i.e., accidents and scary animals) pictures, 4-year-olds whose mothers reported higher prenatal anxiety showed larger LPP amplitude to neutral pictures as compared to positive and negative stimuli (van den Heuvel et al. 2018). Authors concluded that prenatal anxiety can be related to hypervigilance to neutral stimuli in children. One prospective study of 17-year-old males suggests that the impact of prenatal stress on ERPs related to cognitive control persists through adolescence. Alterations in the P2a, which reflects attention to task-related targets (Potts 2004), were found in response to a gambling task in adolescent males whose mothers reported high anxiety prenatally (Mennes et al. 2009).

In sum, findings from both EEG and ERP studies indicate that prenatal maternal stress may impact neural development. A strength of the EEG literature is that there are a number of studies with newborns, and thus, postnatal influences are minimized. A significant limitation, however, is that few studies have examined whether effects of prenatal stress on offspring EEG asymmetry persist into childhood and adolescence and only a very small number of studies have evaluated the impact of prenatal maternal stress on functional brain activity assessed with ERPs. Therefore, less is known about the relation between prenatal stress and offspring processing of and attention to emotion cues.
Brain Volume and Thickness
In utero exposure to maternal stress may shape early anatomical development of the brain. The fetal period is characterized by rapid brain growth during which processes such as neurogenesis, synaptogenesis, and dendritic arborization contribute to the fundamental structural organization of the infant brain (Qiu et al. 2015b). In typical developmental trajectories, dendritic branching increases followed by regionally specific pruning which occurs from the fetal period through adolescence (Gennatas et al. 2017). Measurement of regional gray matter volume and cortical thickness are two common methods for assessment of structural morphometry (Winkler et al. 2010). Gray matter is composed of cell bodies along with dendrites and glial cells (Abeles 1991; Marín-Padilla and Knopman 2011; Zhang and Sejnowski 2000). Importantly, variability in both thickness and volume is predictive of later development of psychopathology including development of disorders, such as depression and schizophrenia (Lim et al. 2012; Rimol et al. 2012; Suh et al. 2019). Early life stress exposure, from childhood maltreatment (Bick and Nelson 2016; Saleh et al. 2017) to more extreme exposures such as early institutionalization (Hodel et al. 2015; Tottenham et al. 2010), has been shown to contribute to variability in brain morphology. Translational research illustrates that in utero stress exposure leads to altered brain morphology (Murmu et al. 2006; Mychasiuk et al. 2012) suggesting that the consequences of adversity on brain development begin before birth. In this section, we will review current literature investigating effects of prenatal maternal stress on infant and child brain volume and thickness assessed with structural MRI.
There are a limited number of studies examining the relation between prenatal stress and gray matter volume in infancy. One study found that maternal retrospective recall of childhood maltreatment was associated with decreased neonatal total cortical volume in her offspring (Moog et al. 2018). Because prenatal processes were not directly measured, findings could be due to prenatal stress or other pathways. There is some evidence that the impact of maternal stress on cortical volume may not be yet detectible in the newborn. Specifically, neonates of mothers with a depression diagnosis either in or before pregnancy did not differ from those with mothers who did not have any depression history in terms of total brain volume (Jha et al. 2016) and amygdala volume (Rifkin-Graboi et al. 2013). However, there is a need for additional research focusing on volume and thickness in regions with increased vulnerability to maternal stress. In a prospective longitudinal study measuring maternal prenatal anxiety, Qiu et al. (2013) showed that changes related to prenatal stress can lead to over-development. They found that anxiety did not predict hippocampal volume at birth but was associated with slower growth rates from birth to 6 months in both the left and the right hippocampi. The association persisted when postnatal anxiety was covaried and was stronger in the right as compared to the left hippocampus. The right hippocampus is a region that has been specifically associated with early life stress (Buss et al. 2007; Pruessner et al. 2008) and later psychopathology (Geuze et al. 2005). Similar to findings showing right frontal EEG asymmetry discussed in the previous section, right laterality is suggested in structural brain development as a function of stress (Ocklenburg et al. 2016; Zach et al. 2016).
There is evidence that the impact of prenatal maternal stress on gray matter volume persists through childhood, adolescence, and even adulthood. Two studies evaluating prenatal stress in association with brain volume focused on subcortical structures. One prospective study found that elevated prenatal maternal depressive symptoms predicted larger right amygdala volume at 4.5 years among girls, but not boys (Wen et al. 2017). The development of the amygdala is susceptible to early experiences (Tottenham 2012) and has been strongly associated with increased attentional bias to negative emotional cues (Paul Hamilton and Gotlib 2008; Thomas et al. 2001) and anxiety and depressive symptoms later in life (Beck 2008; Beesdo et al. 2009; Hamilton et al. 2008; Lupien et al. 2011). Thus, these findings are consistent with the evidence that prenatal maternal stress predicts the development of child anxiety and internalizing problems (Blair et al. 2011; O’Donnell et al. 2014). In a second study that focused on subcortical structures, including the putamen, caudate, accumbens, hippocampus, and amygdala, the putamen was the only region that had lower volume at 4.5 years in children whose mothers were diagnosed with mental health problems during pregnancy compared to children in the control group (Bjørnebekk et al. 2015). Furthermore, putamen volume in this study was positively associated with performance in an abstract reasoning task, suggesting an associated consequence for cognitive function.
A number of prospective longitudinal studies have evaluated the association between prenatal maternal stress and cortical thickness during childhood. Maternal prenatal perceived stress measured at multiple times during pregnancy predicted lower cortical thickness primarily in frontal (e.g., the rostral middle frontal cortex, caudal middle frontal cortex, pars triangularis, pars orbitalis, and lateral orbital frontal cortex) and temporal (e.g., superior temporal cortex, middle temporal cortex, fusiform gyrus, temporal pole, the right inferior temporal cortex and the left entorhinal cortex) regions at 6–9 years of age (Davis et al. 2020). In another study, maternal prenatal anxiety measured during the first trimester predicted regional volume reductions in children at the age of 7. The affected regions were the prefrontal cortex, the premotor cortex, the medial temporal lobe, the lateral temporal cortex, the postcentral gyrus, and the cerebellum (Buss et al. 2010). Middle childhood is a period in which normative patterns of cortical thinning occur (Muftuler et al. 2011). Greater thinning across age groups, however, is thought to reflect risk for later depression (Peterson et al. 2009; Tu et al. 2012). Indeed, several studies have found that maternal prenatal depression was related to lower cortical thickness. Sandman et al. (2015) found that prenatal maternal depressive symptoms predicted lower cortical thickness in the right frontal regions. These findings were reproduced by Lebel et al. (2016) who found that cortical thinning in the right inferior frontal and middle temporal regions was correlated with depressive symptoms only in the second trimester of pregnancy. Further, in another study, elevated maternal prenatal depression symptomatology also predicted lower cortical thickness in the superior frontal cortex of the left hemisphere in 6–9-year-olds (El Marroun et al. 2016). Importantly, both Davis and colleagues (2019) and Sandman et al. (2015) documented differences in child outcomes related to cortical thickness. Notably, lower cortical thickness in association with prenatal stress mediated the relation between maternal prenatal depression and child concurrent externalizing behaviors (Sandman et al. 2015). Further, decreased childhood cortical thickness mediated the relation between prenatal stress and subsequent depressive symptoms in adolescence (Davis et al. 2020). These findings highlight the critical role of prenatal adversity and its relation to offspring neurodevelopmental outcomes, such as executive functioning and affect regulation (Ochsner et al. 2004; Vara et al. 2014). Prenatal exposure to maternal stress may be associated with acceleration of the normative thinning process. However, because cortical thickness was assessed at only one timepoint in these studies, it is not currently possible to draw conclusions about the trajectory of cortical thinning during childhood in response to prenatal stress.
The association between prenatal stress and smaller brain volume persists even into adulthood. Favaro et al. (2015) interviewed mothers of adult women to identify history of prenatal stress and mental health conditions. They found smaller volume in the medial temporal lobe of women whose mothers reported prenatal stress. Although this study is retrospective, it provides preliminary evidence that prenatal maternal stress may impact development through adulthood. One very recent prospective study showed that women who reported experiencing stressful life events during gestation had young adult offspring with lower gray matter volume overall and also in the mid-dorsolateral frontal cortex, anterior cingulate cortex, and precuneus (Marečková et al. 2019). This profile of lower cortical volume has been associated with depression in adults (Kempton et al. 2011; Zhang et al. 2016) as well as adolescents (Schmaal et al. 2017).
White Matter
Emerging evidence indicates that neural white matter microstructure is sensitive to prenatal stress exposure. White matter (WM), which constitutes nearly half of the total brain volume, is composed of a vast network of myelinated axons and plays an important role in facilitating communication between brain regions (Fields 2010). Previous findings have shown that although maturation of WM occurs from the fetal period through early adulthood (Marsh et al. 2008), the most significant period of axon myelination occurs during mid-gestation through the second postnatal year (Knickmeyer et al. 2008).
Microstructural alterations associated with prenatal exposure can be assessed through diffusion tensor imaging (DTI), a noninvasive neuroimaging technique that measures dispersion properties across the axon. DTI metrics, including fractional anisotropy (FA), and mean, radial, and axial diffusivity (MD, RD, and AD, respectively) index the integrity of the white matter connections, with lower FA and higher diffusivities thought to reflect reduced anatomical connectivity (Soares et al. 2013) and poorer WM development. Previous studies (Geng et al. 2012) have established links between the integrity of WM and developmental behavioral disorders including conduct and autism spectrum disorders (Puzzo et al. 2018; Weinstein et al. 2011). In this section, emerging trends in the extant literature investigating the role of prenatal stress exposure on WM alterations in the infant brain and in later development will be assessed.
Growing evidence demonstrates that prenatal exposure to maternal stress is associated with decreased WM integrity in the infant. Using a composite score of prenatal maternal anxiety and depression, a recent study (Dean et al. 2018) found associations between prenatal maternal depression and anxiety symptoms and infant WM microstructure. Specifically, they identified increased diffusivity in clusters within the anterior, superior, and posterior corona radiata, external capsule, and white matter of the dorsolateral prefrontal cortex (dlPFC). Further, whole brain analyses using data from a prospective, longitudinal study, Growing up in Singapore Towards Healthy Outcomes (GUSTO), showed that maternal prenatal anxiety was associated with global decreases in infant FA within brain areas related to perception (e.g., inferior temporal, bilateral superior temporal, and left postcentral), social and emotional processing (e.g., right angular region, posterior cingulate, and parahippocampus), and cognitive and emotional regulation (e.g., right dorsolateral prefrontal, inferior frontal, and inferior fronto-occipital fasciculus) (Rifkin-Graboi et al. 2015). Notably, alterations in several of these brain regions were predictive of internalizing symptoms a year later, although these associations did not remain statistically significant with correction for multiple comparisons. Taken together, these results suggest that prenatal exposure to maternal stress is associated with increased diffusivity and poorer WM integrity in infancy, which may contribute to later development of affective problems.
In addition to whole-brain analyses, many studies have investigated the role of prenatal maternal stress exposure on variability in the microstructure of the amygdala in infancy given the significant role of the region in emotional processing and stress reactivity (Phelps and LeDoux 2005). For example, Rifkin-Graboi et al. (2013) found lower FA in the right amygdala in offspring of mothers with high compared to low depression; however, they failed to replicate these amygdala findings in subsequent whole-brain analyses with prenatal anxiety (Rifkin-Graboi et al. 2015). Moreover, in addition to the amygdala itself, tracts that connect the amygdala with other regions in the brain such as the uncinate fasciculus have similarly shown decreased WM integrity in the context of maternal prenatal anxiety (Rifkin-Graboi et al. 2015). One study demonstrated that prenatal maternal depression was associated with decreased neonatal structural connectivity of the amygdala and the ventromedial prefrontal cortex (vmPFC). The authors report that structural connectivity partially mediated the relation between prenatal maternal depression and fetal heart rate reactivity (Posner et al. 2016). Such findings are supportive of the unique importance of in utero exposure to prenatal stress as variability in fetal physiology in association with maternal depression was evident even before birth. Outside of these findings, very limited research to date has prospectively investigated the role of infant white matter integrity in mediating the effects of prenatal exposure to stress and subsequent behavioral outcomes.
Although there is some consistency in overall findings of decreased WM integrity (decreased FA and increased diffusivity) with exposure to maternal stress in newborns, whether such findings are sustained across the developmental trajectory remains less clear. For example, in contrast to findings from one study that showed that prenatal maternal anxiety was associated with decreased white matter integrity across many brain regions in infancy (Rifkin-Graboi et al. 2015), another investigation within the GUSTO cohort (albeit a different sample subset) failed to find associations in WM microstructure in 4.5-year-olds (Wen et al. 2017). Furthermore, whereas maternal prenatal anxiety was negatively associated with FA values of the infant uncinate fasciculus in infancy (Rifkin-Graboi et al. 2015), prenatal exposure to stress was associated with higher FA values within the same tract for children aged 6–9 (Sarkar et al. 2014). Future research is needed to address these differences which may be due to factors, such as developmental patterns unique to specific brain regions, the nature of the prenatal stressor, and other cohort differences.
Beyond adolescence, the long-term consequences of maternal stress on WM microstructure remain relatively unknown. To date, only one study (Jensen et al. 2018) has examined the effects of stress from prenatal through young adulthood in men using a prospective longitudinal study. Results from this study showed persisting and unique effects of prenatal stress on WM microstructure such that prenatal stress was associated with lower magnetization transfer ratio (MTR) globally and within the genu and splenium, as well as lower myelin water fraction (MWF). MTR and MWF are indices of WM microstructure and although correlated with FA are thought to be more sensitive to myelin content (Jensen et al. 2018). Additional longitudinal designs are necessary to further probe whether changes in microstructure following exposure to maternal prenatal stress are lasting.
Functional Connectivity
Extending beyond variability in structure (i.e., volumetric and white matter integrity), recent research also has begun to investigate alterations in infant functional brain network connectivity as a promising putative mechanism through which prenatal exposure to maternal stress influences subsequent development of psychopathology. Resting-state functional connectivity (rsFC) analysis is a noninvasive method that assesses neural coactivation patterns between spatially and anatomically separated regions (Biswal et al. 1995; van den Heuvel and Hulshoff Pol 2010). Such technological advances have enabled sensitive measurement of the intrinsic functional architecture of the developing brain in naturally sleeping, non-sedated infants (Fransson et al. 2011; Mathur et al. 2008). This method provides the opportunity to gain novel insight into infant neurodevelopment and overcome previous methodological challenges associated with scanning in sedated infants (Souweidane et al. 1999; Yamada et al. 1997), or the limitations of using task-based data (Anderson et al. 2001). Given the emergence of functional networks as early as mid-gestation (van den Heuvel and Thomason 2016), the rapidly developing circuitry is vulnerable to in utero exposures. In the following section, we discuss the current literature to date investigating prenatal stress exposure on infant neurodevelopment using rsFC in naturally sleeping infants.
Recent research suggests that in utero exposure to maternal depression is associated with alterations in the functional architecture of the infant brain, most notably in the limbic-prefrontal circuitry. In a study by Posner et al. (2016), 6-week-old infants exposed to antenatal maternal depression demonstrated increased inverse (i.e., increased negative) rsFC between the amygdala and bilateral dorsal prefrontal cortex (PFC) and ventromedial PFC. Interestingly, an inverse limbic to prefrontal pattern of connectivity is not only consistent with more mature (i.e., adult-like) neurocircuitry pattern but has also been observed in children following early life stress exposure (Gee et al. 2013). Thus, these findings suggest that early exposure to environmental stress, even in utero, may be associated with accelerated circuitry maturation and therefore altered developmental trajectories.
The functional characterization of connectivity patterns in neonates exposed to maternal stress in utero is also consistent with those observed within adults with stress-related psychopathology. For example, within a prospective study, 6-month-old infants with in utero exposure to antenatal depression evidenced greater rsFC of the amygdala with areas critical in emotional regulation including the anterior cingulate cortex (ACC), ventromedial prefrontal cortex, and left insula, as well as areas with the sensory and perceptual network, including the left superior and temporal cortex (Qiu et al. 2015a). As this network pattern also is established in adults with depression (Erk et al. 2010), the authors suggest these neural changes in the infant connectome may be indicative of underlying risk for emergent psychopathology.
Limited work to date has investigated the lasting effects on neurocircuitry following prenatal exposure to maternal stress beyond infancy. In one study in preschool-age children, exposure to greater prenatal maternal depressive symptoms in utero was associated with lower rsFC of the left amygdala with the right insula and putamen, and bilateral subgenual ACC and caudate, and lower rsFC of the right amygdala with the left orbitofrontal cortex (OFC) and temporal pole (Soe et al. 2018). In another study, retrospective report of maternal prenatal stress exposure in healthy women aged 14–40 years was positively associated with rsFC between the left medial temporal lobe and left medial orbitofrontal cortex in their offspring (Favaro et al. 2015). Interestingly, connectivity between these areas was also associated with depressive symptomology. Future research is necessary to further explore the lasting nature of these alterations in connectivity and implications for subsequent development of psychopathology.
Biological Mechanisms Underlying Alterations in Neurodevelopment
Cortisol
Dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis is one promising mechanism proposed to underlie fetal programming of later psychopathology. Emerging data suggests that alterations in cortisol signaling have lasting consequences on both maternal health and fetal development. Cortisol, which is an end product of a cascade of molecular signals in the HPA axis, plays a significant role in governing stress responsivity and maintaining system homeostasis (for review, see Koss and Gunnar 2018; Sapolsky et al. 2000). The HPA axis is regulated by a negative feedback loop whereby release of cortisol in turn suppresses further hypothalamic corticotropin-releasing hormone (CRH) production. This system changes massively during pregnancy with the development of the placenta, a new fetal organ. The placenta produces hormones, including CRH, and during pregnancy, cortisol stimulates secretion of CRH from the placenta. Thus, a positive feedback loop exists whereby cortisol production stimulates placental CRH (pCRH) production into the maternal and fetal compartments (King et al. 2001).
Maternal cortisol passes through the placenta, and maternal and fetal cortisol levels are correlated (Gitau et al. 1998, 2004). Maternal cortisol increases normatively across gestation and plays an important role in the maturation of fetal organs. As cortisol passes the blood-brain barrier, it influences many processes critical to fetal brain development including neuronal dendritic growth, myelination, and neurogenesis (McEwen et al. 2016). The abundance of glucocorticoid receptors within the fetal brain renders it highly susceptible to the effects of cortisol. Indeed, maternal antenatal cortisol levels are predictive of fetal development (Glynn and Sandman 2012), infant HPA reactivity to stress (Davis et al. 2011; O’Connor et al. 2013), as well as temperament (Davis et al. 2007; de Weerth et al. 2003), and emotional reactivity (Swales et al. 2018). Less is known about the effects of CRH on the fetal brain. However, CRH has been shown to play a role in regulating critical processes including dendritic development (Curran et al. 2017), as well as fetal maturation (Smith and Nicholson 2007). In terms of behavioral outcomes, previous studies have shown links between pCRH and variability in infant temperament (Davis et al. 2005), fetal startle response (Class et al. 2008), and internalizing symptoms in children up to 5 years later (Howland et al. 2016).
There is emerging evidence that fetal exposure to maternal cortisol and placental CRH influences programming of brain development and may therefore be an important mechanism through which information about the external environment is embedded. The majority of research to date has investigated the persistent effects of in utero exposure to cortisol on structural brain variation (e.g., thickness and volume) within school-age children (e.g., Buss et al. 2012; Davis et al. 2017), with limited studies focusing on more immediate alterations in functional connectivity in the infant brain. In this section, we will present current findings on the role of maternal cortisol and placental CRH on infant neurodevelopment.
Converging findings in school-age children have demonstrated that prenatal cortisol exposure is often associated with lower cortical thickness, particularly within temporal and frontal regions (Davis et al. 2013). Support for a role of cortisol in shaping cortical thickness has been shown following exposure to the synthetic glucocorticoid, betamethasone, which is used for treatment of fetal lung maturation in mothers at risk for preterm delivery. Notably, decreased cortical thickness, most prominent within the rostral ACC, was in turn associated with more affective problems (Davis et al. 2013). Consistent with elevations in cortisol, elevations in placental CRH have also been associated with cortical thinning. In a prospective cohort of school-age children, fetal exposure to higher prenatal levels of pCRH across gestation was predictive of a 12% reduction in thickness of the cortical mantle and concurrent externalizing behaviors (Sandman et al. 2018). Preclinical work demonstrates that administration of CRH to neonatal cortical neurons causes dose-dependent decreases in dendritic branching in primary dish cultures (Curran et al. 2017), highlighting a potential mechanism linking pCRH exposure to cortical thinning. Very limited work, however, has examined associations between cortisol and pCRH on variability in offspring structural and functional connectivity. Elevated maternal cortisol at 31 gestational weeks predicted alterations in brain network properties, but only among girls (Kim et al. 2016). Similar sex/gender-specific effects of cortisol on rsFC were also found only in girls, whereby elevated cortisol was associated with increased connectivity of the amygdala and sensory processing and default mode regions (Graham et al. 2019). Future work is needed to further replicate the role of cortisol and pCRH on structural and functional connectivity.
In contrast to previously discussed associations in which prenatal stress exposure is associated with neurodevelopmental outcomes that may confer putative risk, exposure to cortisol is necessary for fetal maturation, and as such exposure is necessary and beneficial for normative maturation. Cortisol increases normatively over gestation (Sandman et al. 2006), and fetal exposure to cortisol, especially toward the end of pregnancy, is important for maturation of fetal organs including the brain (Trejo et al. 2000). For example, a study by Davis et al. (2017) found that a higher level of cortisol during late gestation was associated with increased cortical thickness in preadolescent children. Interestingly, this study also found that elevated cortisol during late gestation was associated with improved cognitive development of the child during infancy and childhood. These findings are consistent with evidence that normative elevations in cortisol late in gestation may be beneficial to neurodevelopment (Davis and Sandman 2012; Ram et al. 2019). Future research is needed to investigate whether cortisol impacts cortical thickness as early as infancy which would support the unique importance of the maternal stress on fetal brain development.
These data provide compelling evidence that fetal exposure to maternal cortisol and placental CRH influences programming of brain development and may therefore be an important mechanism through which information about the external environment is embedded. Although HPA and placental axis hormones are hypothesized as a primary mechanistic pathway underlying this intergenerational transmission of risk, surprisingly few studies have demonstrated links between maternal stress and individual differences in maternal cortisol or placental CRH signaling. Indeed, a relation between maternal stress and these hormones is not consistently observed, and there is very little evidence to date that supports an integrated model whereby maternal or placental hormones mediate the effects of maternal report of stress on child neurodevelopment (for review, see O’Donnell and Meaney 2017). This lack of concordance may be due, at least in part, to methodological limitations in prenatal hormone measurement (e.g., averaging across timepoints in pregnancy). Therefore, future research employing a more nuanced and comprehensive hormone measurement approach including the evaluation of trajectory across gestation (Kane et al. 2014) may further elucidate links between prenatal stress and variability in maternal and placental hormone signaling (see also Chap. 3 “The Developmental Effects of Prenatal Maternal Stress” and Chap. 4 “Prenatal Programming in the Fetus and Placenta”).
Immune Functioning
A very recent area that has emerged within the focus of DOHaD research is the relation between maternal prenatal immune profiles and fetal brain development. Maternal immune activation during pregnancy that is related to stress or inflammation (Estes and McAllister 2016) has been associated with neurodevelopmental outcomes in the offspring such as autism (Fang et al. 2015) and schizophrenia (Brown and Patterson 2011). It has been established that exposure to infections, such as chorioamnionitis, not only leads to preterm birth, but is also detrimental to brain development (Chau et al. 2014; Elimian et al. 2000; Hatfield et al. 2011). However, few prospective studies evaluate the link between prenatal inflammatory markers and fetal brain development. Important dynamic changes occur in immune regulation over the course of pregnancy to support the mother’s ability to defend against external threats and the development of genetically distinct tissue (i.e., fetus) such that the first trimester is pro-inflammatory, the second trimester is anti-inflammatory, and the third trimester is pro-inflammatory (Racicot et al. 2014). Understanding the neurodevelopmental consequences of dysregulation to this trajectory represents a critical gap in the literature.
Experimental research with rodents and nonhuman primates shows that maternal inflammation during pregnancy leads to structural changes in the offspring brain, such as smaller gray and white matter volumes (Goeden et al. 2016; Short et al. 2010). In humans, there are a limited number of prospective studies investigating the relation between prenatal inflammatory markers in mother and offspring brain development (Graham et al. 2018; Rasmussen et al. 2019; Rudolph et al. 2018; Spann et al. 2018). Existing studies evaluating immune markers have primarily focused on the pro-inflammatory cytokine interleukin-6 (IL-6), a protein released by the immune system to initiate immune response under stress (Kiecolt-Glaser et al. 2003). Rasmussen et al. (2019) found that elevated IL-6 levels averaged across pregnancy predicted decreased FA in newborns primarily in the central part of the uncinate fasciculus. However, this association was reversed when the infants were 12 months old such that elevated IL-6 levels during pregnancy predicted increased FA. Furthermore, increases in FA mediated the relation between prenatal IL-6 levels and cognitive development at 12 months. Prenatal IL-6 levels also were associated with larger volume in the right amygdala in neonates and increased connectivity between amygdala and regions related to information processing (i.e., fusiform gyrus, somatosensory cortex, thalamus, anterior insula) and memory (i.e., caudate and parahippocampal gyrus) (Graham et al. 2018). These neural patterns were in turn associated with higher impulsivity in a snack delay task (Graham et al. 2018) and a working memory task (Rudolph et al. 2018) when infants were 2 years old. Spann et al. (2018) additionally assessed C-reactive protein (CRP), a protein released by the immune system as an acute inflammatory reactant (Owen et al. 2003). Higher concentrations of both IL-6 and CRP during pregnancy were related to higher functional connectivity between left insula and medial prefrontal cortex (mPFC) and weaker functional connectivity between dorsal ACC and dorsomedial PFC. Authors suggest that as these areas are associated with socio-emotional functioning, prenatal exposure to inflammatory markers may be a contributing factor to risk for subsequent mental health problems. Although the literature is relatively small, these studies provide evidence for a relation between prenatal inflammatory marker profiles and fetal accelerated neural maturation and suggest the need for future studies that address these gaps (Hantsoo et al. 2019) (see also Chap. 7 “Immune Models and Mechanisms”).
Limitations and Future Directions
Although the current literature is consistent with the DOHaD hypothesis in demonstrating the importance of prenatal maternal stress exposure on infant and child neurodevelopment, we propose the following areas as promising avenues of future research to further elucidate the underlying etiology of such findings: investigation of sex/gender-specific mechanisms, genetic interactions, and pre- and postnatal effects.
Sex/gender-specific effects observed following prenatal exposure to maternal stress underscore the importance of accounting for sex/gender when examining biological mechanisms of risk. Of note, we are considering both biological sex and gender in our discussion (Fausto-Sterling 2012). There is emerging evidence that the female brain may be more vulnerable to exposure to prenatal stress with evidence for female-specific alterations in volume (Wen et al. 2017), thickness (Lebel et al. 2016), and functional connectivity (Soe et al. 2018). Although there are several studies that fail to find sex/gender-specific effects and a large number that fail to investigate interactions with sex/gender (see Tables 9.1, 9.2, and 9.3), increased susceptibility of the female brain to high maternal prenatal cortisol concentrations compared to males has often been observed. In a prospective study, prenatal exposure to high maternal cortisol was associated with larger amygdala volume in girls (not boys), which in turn mediated the association between cortisol concentration and later affective symptoms (Buss et al. 2012). Further, sexually dimorphic consequences have also been shown soon after birth in structural and functional connectivity. In utero exposure to elevated cortisol predicts stronger connectivity of the amygdala with brain regions involved in integration and sensory processing in females only and weaker connectivity to these regions in males (Graham et al. 2019). Kim et al. (2016) found that exposure to high cortisol prenatally was associated with altered structural connectivity properties only among girls that in turn predicted internalizing symptoms.
Collectively, these data align with the theory of a sex/gender-dependent viability-vulnerability trade-off (Sandman et al. 2013). This theory proposes that under conditions of adversity, the viability of male fetus is directly challenged resulting in higher mortality (Clifton 2010), whereas female adaptability which promotes early survival is often associated with subsequent vulnerability, as observed in the neurodevelopmental changes following exposure to elevated maternal cortisol and placental CRH in utero (Buss et al. 2012; Sandman et al. 2018).
In investigating the etiological mechanisms underlying fetal programming, it is also important to consider the interactive effects of prenatal stress exposures and genetic predisposition on neurodevelopment. Prenatal maternal stress interacts with genotype to influence behavioral dysregulation in the offspring (Oberlander et al. 2010), and that variability in brain structure and function is heritable (Elliott et al. 2019). Growing support for the importance of genetics is demonstrated by findings which show that the effect of maternal anxiety on infant cortical thickness is modified by functional variants (val158met, rs737865, and rs165599) within the catechol-O-methyltransferase (COMT) gene (Qiu et al. 2015c). More specifically, among infants with high prenatal exposure to maternal anxiety, infants with the A-val-G (AGG) haplotype showed significant cortical thinning in the right ventrolateral prefrontal regions relative to G-met-A (GAA) infants who showed cortical thickening. Notably, a moderating role of genotype has also been identified with FK506 binding protein 51 (FKBP5) and associations between antenatal maternal depressive symptoms on neonatal morphology (Wang et al. 2018). A moderation with FKBP5 is particularly interesting given its central role in regulating glucocorticoid receptor sensitivity and HPA-axis activity (Binder 2009). Moving beyond the limitations of a candidate gene approach, another study found that a genetic risk profile for major depressive disorder in infants moderated the influence of maternal depressive symptoms and infant morphology, most notably within amygdala volume (Qiu et al. 2017). Future studies should build on these initial findings and continue to investigate the interactive effects of genetic susceptibility and prenatal stress exposure on fetal brain development.
In addition to the interactions between prenatal stress exposure and genetic risk, examination of both the unique associations of prenatal exposure and the synergistic influences in the context of continued exposure postnatally is also critical in better understanding intergenerational transmission of risk. In an effort to isolate the unique role of prenatal environmental exposures, several studies have found that associations have persisted even when accounting for postnatal exposure to stress (Buss et al. 2010; Sandman et al. 2015), although see also El Marroun et al. (2016) and Lebel et al. (2016). These studies suggest an impact of prenatal stress beyond postnatal exposures.
Perhaps more interesting than examination of the independent contributions of pre- and postnatal exposure is the examination of their interactive effects. One of the functions of the prenatal environment may be to prepare the fetus for the postnatal world. Therefore, it is plausible that fetuses may be better suited for particular postnatal environmental contexts based on the quality of the in utero environment (Gluckman et al. 2005; Sandman et al. 2013). Alternatively, there is also evidence supporting a synergistic relation between pre- and postnatal stress exposure whereby prenatal stress exposure may increase vulnerability to putative insults in neurodevelopment in the context of postnatal exposure. For example, Lusby et al. (2014) reported an interaction between prenatal and postnatal depression on infant right frontal EEG asymmetry in 3- and 6-month-old infants. Prenatal depression was related to greater right frontal EEG asymmetry when infants were also exposed to high postnatal maternal depressive symptoms. Similarly, another study found greater right frontal EEG asymmetry when there was an increase in depressive symptoms from prenatal to postnatal period (Soe et al. 2016).
There is also evidence for a strengthening of the prenatal effect on neurodevelopmental outcomes after accounting for postnatal maternal stress. For example, one study found that covarying for postnatal maternal anxiety strengthened the relationship between prenatal maternal anxiety and infant hippocampal growth from 26 weeks to 3 months postpartum (Qiu et al. 2013). These studies suggest that prenatal maternal depression may increase infant vulnerability to postnatal exposure and thus differentially shape neurodevelopmental outcomes. Therefore, for investigations probing the unique role of prenatal exposure, we recommend either scanning within early infancy or, in the case of a protracted investigation in school-age children or later, examining the synergistic nature of pre- and post-exposure to maternal stress on infant neurodevelopment. Further, these findings suggest that studies only assessing postnatal exposure may not fully capture the impact of maternal stress on brain development and also may be attributing prenatal influences to postnatal effects because of shared variance in outcomes.
Clinical Recommendations
The majority of studies with humans conducted to date and reviewed in this chapter have been correlational in nature. Although an extensive experimental animal literature supports the fetal programming hypothesis (for review, see McMullen and Mostyn 2009), few experimental tests exist in humans (Barker 1998). The use of a randomized controlled trial (RCT) design represents one avenue that enables investigation of whether reducing maternal prenatal stress ameliorates child ontogenetic vulnerability to psychopathology. One preliminary study conducted as a follow-up to a pilot RCT (Bleker et al. 2019) found that children of women who had received cognitive behavioral therapy (CBT) to reduce depression during pregnancy had increased thickness in occipital cortex and lingual gyrus, as well as increased gray matter volume in right medial temporal lobe, compared to the offspring of the control group. However, this study included only 16 participants, and none of the effects remained significant after adjusting for multiple comparisons. Although this study is suggestive of the promising effects of intervening to reduce prenatal stress exposures, further longitudinal work within a larger sample is needed to replicate these findings. As such, our group is currently conducting a randomized controlled trial (Davis et al. 2018) to test whether reducing maternal prenatal stress has a salutary impact on risk mechanisms, such as altered brain structure and function that are associated with emergence of later psychopathology. Examination of the effects of exposure to prenatal stress on infant neurodevelopment will not only inform developmental science, but will also provide a clear translational impact regarding potential infant risk mechanisms that could become targets for later intervention development among at-risk offspring.
Summary
Converging research across preclinical and clinical studies on the developmental origins of risk demonstrates the importance of the prenatal period as a particularly sensitive time during which the rapidly developing brain is susceptible to salutary and harmful environmental influences. Subtle and complex alterations in the infant brain associated with maternal prenatal stress are evident by birth, demonstrating the unique role of in utero exposure. Perturbations in gestation can also significantly shape future neurobehavioral trajectories. Such alterations in brain structure and function and the biological mechanistic pathways characterized within this chapter (e.g., cortisol and immune system functioning) mark putative signals of ontogenetic risk. However, due to the inherent complexity and dynamic nature of brain maturation, it is important to also consider the role of a multitude of factors including sex/gender, genetic predisposition, and pre- and postnatal interactions in shaping these outcomes. Continued research using prospective, longitudinal investigations of prenatal stress on neurological development coupled with intervention provides tremendous potential to further illuminate pathways through which such effects occur and ultimately improve offspring outcomes.
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Introduction
As evidenced by this volume and the wide range of topics discussed herein, over the last few decades, there has been a vast body of published research examining the impact of prenatal stress on child development. Based on compelling work in animal models and humans, it is clear that stress: (1) can alter maternal physiology in pregnancy; (2) can be directly or indirectly transmitted to the fetus through multiple physiological pathways; and (3) may change the subsequent course of fetal development, with potentially long-lasting or even permanent impacts on health and disease. Yet often overlooked in this rich field of study is the extent to which the impact of maternal prenatal stress on offspring development may differ by sex.
The relative paucity of research on sex differences in response to prenatal stress may reflect the fact that for many decades, sex was routinely ignored in biomedical research, with the implicit assumption that fundamental biological characteristics were generally comparable in males and females (Hartung and Lefler 2019). Traditionally, this was particularly true of preclinical research using animal models, tissues, or cells, in which sex was not reported at all. However, for reasons of convenience, economy, and efficiency (including avoiding the complication of considering cyclical hormone variations in females), clinical research also tended to focus exclusively on males, resulting in the convention of the “70-kg male” as the default research subject (Clayton 2016). Even when both sexes were included in study design, differences in exposure-outcome relationships, signifying effect modification by sex, were not always conducted. A consequence of these sex biases and omissions is that results based on males were often generalized to females, leading, in some extreme circumstances, to unexpected and dangerous outcomes (reviewed in Lee 2018).
Somewhat surprisingly, this historic bias held true even in the context of reproduction, though the omission of sex as a biological variable manifests in different ways. The study of pregnancy, for instance, necessitates a female focus, and yet it is, of course, not exclusively a female phenomenon. In addition to paternal genetic contributions, the fetus itself may be male or female. To the extent that male and female fetuses differ in their developmental trajectories or vulnerabilities, these differences may impact maternal health, obstetric complications, perinatal outcomes, and children’s downstream health and development.
In a 2001 review of the literature on the role of sex and gender in health, the Institute of Medicine concluded that males and females differ in a myriad of ways from the cellular to the organismal level and emphasized a concerted need to improve for research in this area (Wizemann and Pardue 2001). In the decades since, major funding agencies and journals worldwide have echoed these sentiments, in many cases requiring explicit consideration of sex as a biological variable in research starting in the earliest stages of funding proposals and extending into the publication of results in peer-reviewed scientific papers (Schiebinger et al. 2016; Duchesne et al. 2017). This emphasis on considering sex in all studies and analyses has extended into research on prenatal stressors and children’s development, including, in some cases, reanalyses of previously published work that had not explicitly considered the potential for modification by child’s sex (Sandman et al. 2013). As a result, there has been a recent surge of publications on sex differences in response to prenatal stressors. For example, a 2018 systematic review identified 50 peer-reviewed papers on prenatal stress and offspring development that were published between 2015 and 2017 and reported effects by child sex (Sutherland and Brunwasser 2018). Of the articles reviewed, 70% reported sex-specific effects or a significant sex*stress interaction, and a broad range of outcomes were represented including perinatal endpoints, respiratory health, neurodevelopment, and obesity/body composition.
In this chapter, we expand upon that review to more comprehensively consider the current evidence, asking the question: does prenatal stress impact males and females differently? To do so, we first examine evidence of sex differences in response to early adversity, defined more broadly. We then consider evolutionary/adaptive explanations that have been proposed to conceptualize observed sex differences. Finally, we focus on psychosocial stressors, examining the growing evidence of sex-specific impacts across multiple domains, and consider potential mechanistic pathways. This review is not intended to be systematic or comprehensive of the totality of literature on sex differences in response to prenatal stress; rather, it provides an overview of current epidemiological research in this field. In particular, we focus on studies that have consciously considered potential sex differences in their design by using analytic approaches such as effect modification or stratification by sex. It is worth noting that given the state of the literature in this field, we focus on “sex” (indicating biological sex) rather than “gender” (representing sexual identity), which has not been meaningfully explored in this context to date.
Sex Differences in Fetal and Early Infant Development
In contrast to adulthood or even mid-late childhood, with the obvious exception of the external genitalia, there are few immediately apparent physical or behavioral sex differences in infancy. Despite the superficial lack of sex differences in early life, however, physiologically, the sexes begin to diverge in early gestation. Perhaps the most well-characterized sex difference during gestation is fetal growth. Across numerous cohorts and a wide range of populations, compared to the average female newborn, the average male is significantly heavier and longer and has a larger head circumference (Villar et al. 2014). The absolute differences in body size are minimal – one study, for example, observed that on average, boys were 184 g heavier, were 1.1 cm longer, and had 0.86 cm larger head circumference than girls at birth (Voldner et al. 2009). Nevertheless, though small, these sex differences are so consistent that infant males and females have separate birth size and clinical growth reference charts (CDC 2017), and more recently, sex-specific fetal growth charts have been developed based on observations that biparietal diameter, head circumference, and abdominal circumference (but not femur length) are consistently greater in males than in females across gestation (Rizzo et al. 2016). This greater male fetal growth is also reflected in greater energy demands, as evidenced by one study that found a nearly 10% greater caloric intake by mothers carrying males (Tamimi et al. 2003). At the same time, even among newborns, females tend to have higher fat mass (particularly subcutaneous adipose tissue) than males (Rodriguez et al. 2005; Paley et al. 2016), a dimorphism that persists into later infancy (Gale et al. 2015) and childhood (Addo and Himes 2010). Thus, sex differences in body size and composition are evident from even before birth and may provide insights into how the sexes respond to early life adversity.
Noninvasive routine clinical measures can also provide insights into fetal nervous system development. For example, fetal heart rate, a widely measured clinical index of fetal well-being, has been proposed as an early indicator of nervous system activity and maturity. Interestingly, at least two studies have observed that female fetuses have faster heart rates during labor (Dawes et al. 1999; Bernardes et al. 2009), with the sex difference heightened among fetuses in distress, suggesting, perhaps, greater female responsiveness to the stress of delivery. However, studies of fetal heart rate earlier in pregnancy (prior to the onset of labor) have been contradictory with no clear indication of sex differences in overall rate or variability (reviewed in DiPietro et al. 2015). Hypothesized sex differences in fetal activity patterns, which are based on observations that males may be more active in infancy and childhood than girls (Dudley et al. 2018; Veldman et al. 2018), have been largely unsupported by the results of several small studies focused on mid-late gestation (DiPietro et al. 2009, 2015; Hata et al. 2016), though at least one study has proposed that female fetuses may have more advanced neurodevelopmental trajectories than age-matched males, based on data suggesting faster habituation to auditory stimuli at 33 weeks’ gestation (Hepper et al. 2012).
Given males’ larger body sizes in early life, at first glance, it may appear paradoxical that by many measures they may also be more vulnerable in gestation, parturition, and the neonatal period, a phenomenon often termed “male fragility,” “male vulnerability,” or “male disadvantage.” Several studies have demonstrated that carrying a male fetus may be a risk factor for gestational diabetes mellitus (Retnakaran and Shah 2015; Verburg et al. 2016), which itself is a risk factor for macrosomia, or birth weight greater than 4000 g (Wollschlaeger et al. 1999; Li et al. 2014). Even after adjusting for confounders such as gestational diabetes, male fetuses are at increased risk of failure to progress during labor, cord prolapse, nuchal cord, umbilical cord knots, non-reassuring fetal heart rate patterns, cesarean section, and low 5-min Apgar scores (Sheiner et al. 2004). Multiple studies using large administrative data sets have demonstrated, moreover, that compared to females, male fetuses are at increased risk for preterm birth (PTB), particularly spontaneous PTB (Tan et al. 2004; Verburg et al. 2016). For example, in a study of nearly 2 million births in New England, the excess of males among singleton preterm births was 7.2% for white births and 2.8% for black births (Cooperstock and Campbell 1996). Among preterm infants, adjusting for gestational age, males are less likely to survive and more likely to develop morbidities including periventricular leukomalacia and bronchopulmonary dysplasia (Shim et al. 2017; Wallace et al. 2017; Vu et al. 2018). Males are similarly vulnerable to stillbirth, with a meta-analysis of data from over 30 million births reporting a 10% increased risk (Mondal et al. 2014), and worldwide, neonatal death is consistently higher among males than females (Lehtonen et al. 2017). Overall, there is an estimated 50% male excess in infant deaths due to respiratory causes including infant respiratory distress syndrome, sudden infant death syndrome, congenital and viral pneumonia, and bronchiolitis and bronchitis (Mage and Donner 2004). These consistent reports of prenatal and infant male vulnerability have stimulated considerable interest in better understanding how fetuses respond to early adversity and whether those sex differences in these responses may reflect evolutionarily adaptive strategies.
An Adaptive Perspective on Sex Differences in Response to Early Adversity
From the traditional perspective of pathology, the preponderance of adverse perinatal outcomes in males may be explained simply as adverse prenatal exposures impairing fetal development, resulting in suboptimal development of cells, tissues, and/or organ systems and, ultimately, increase morbidity and mortality (Ellison 2005). But what puts male fetuses, in particular, at greater risk for adverse perinatal outcomes? One way to contextualize “male fragility” in the perinatal period is through the lens of adaptation, whereby the sexes differ in terms of evolutionary strategies to optimize fitness (Bateman 1948; Trivers and Willard 1973).
Males of most species provide little parental investment; thus, their reproductive success (broadly defined as genetic contributions to subsequent generations) is limited primarily by access to female mates. Among females, who must typically invest heavily to ensure that offspring survive, reproductive success is limited by access to resources to rear those offspring as well as constraints of physiology which result in longer reproductive cycles. In many species, therefore, natural selection favors the males who best compete for mates, which is often a function of size and strength. “High-quality” males may monopolize mating opportunities leaving “low-quality” males with fewer offspring. By contrast, across most species, with relatively little competition for mating opportunities, most females are able to successfully reproduce. As a result, reproductive success is typically much more variable in males than in females (Fig. 10.1). A classic example of this comes from Bateman’s Drosophila melanogaster experiments in the 1940s demonstrating that in a lab setting, five times as many males failed to produce any surviving offspring as compared to females (21% vs 4%) (Bateman 1948). At the same time, the most fertile males produced three times as many offspring as the most fertile females. These results are echoed in studies of elephant seals in which a small set of alpha males is responsible for nearly all matings, while lower-ranking males may not get the opportunity to reproduce at all (Le Boeuf 2015). By contrast, it is estimated that over 87–97% of females give birth during a typical breeding season (Le Boeuf et al. 2019). Similar sex differences have been observed in humans, particularly in traditional settings. For example, anecdotally, the most fertile woman on record (an eighteenth-century Russian peasant) gave birth to 69 offspring, whereas the last Emperor of Morocco in the early 1700s was reported to have sired 867 births (Hadhazy 2015). On a smaller scale, within traditional nonindustrial cultures, similar patterns have been observed, whereby a small number of men end up fathering a disproportionate number of offspring (Alvergne et al. 2010; von Rueden and Jaeggi 2016). While modern humans clearly differ dramatically from fruit flies, elephant seals, or even our ancestors from several hundred years ago, our physiologies are the result of millennia of adaptation to earlier selection pressures and may retain that legacy, even as our modern environment rapidly shifts.[image: ../images/469610_1_En_10_Chapter/469610_1_En_10_Fig1_HTML.png]
Fig. 10.1Sex difference in variance in reproductive success as conceptualized by Trivers and Willard (1973)


If only the strongest and healthiest males are able to pass their gene to the future generations, under adverse environmental conditions or when a mother is in poor condition, selection may favor “culling” that pregnancy to avoid maternal investment in what will likely be a “low-quality” male. Instead, those resources would be redirected toward a new reproductive cycle and pregnancy when conditions are more favorable (Catalano et al. 2009). In addition to evidence of these effects in animal models (Douhard et al. 2016), several lines of evidence from modern and historical human populations support this hypothesis. For example, in the months following major catastrophes, such as the 9/11 terrorist attacks, the secondary sex ratio (number of males born: number of females born) often falls, potentially suggesting selective loss of male fetuses under stressful conditions (Catalano et al. 2006; Torche and Kleinhaus 2012; Suzuki et al. 2016; Schacht et al. 2019). Similarly, during the mass famines that occurred during China’s Great Leap Forward (1957–1961), there were over 18 million fewer births than expected, with disproportionately fewer males in particular (Grech 2018).
At the same time, whenever a species does not pair-bond for life (thereby conferring identical reproductive success to both partners), there may be conflict between the optimal maternal and paternal strategies. Whereas females may benefit by limiting investment in pregnancies that are likely will result in low-quality male offspring, thereby saving resources for future offspring, the same may not be true for fathers, whose parental investment may be limited. Consistent with this tension, paternally expressed genes tend to promote fetal growth, whereas maternally expressed genes tend to suppress fetal growth (Moore et al. 2015). Selection may have favored male fetuses, who may be most at risk for fetal or neonatal loss under harsh conditions, to grow as rapidly as possible with relatively little regard to environmental cues, whereas female fetuses may modulate their development in utero to better align with cues received from the mother. For example, when glucocorticoid concentrations change across pregnancy, evidence suggests that the female placenta adapts its growth accordingly, whereas the male placenta does not (Clifton 2010). Similarly, in a study of over 24,000 infant-placenta pairs in the Collaborative Perinatal Project, Misra et al. found that the growth of the placental chorionic plate was much more closely associated with birth weight and feto-placental weight ratio in females than in males, suggesting again that the female fetus may be more responsive to in utero stressors (Misra et al. 2009). Sandman et al. (2013) framed these observations as a possible “vulnerability-viability trade-off,” whereby the male unresponsiveness to maternal and environmental cues may threaten viability in the perinatal period, while the responsiveness that allows female fetuses to survive and thrive in the womb may ultimately result in a vulnerability to certain types of disease later in life (Sandman et al. 2013). This may be particularly true when the postnatal environment that a female encounters after birth does not reflect the prenatal environment to which she responsively adapted in utero, a “mismatch” scenario that will be discussed in greater detail when we consider neurodevelopmental outcomes (See also Chap. 13 “Prenatal Programming of Postnatal Plasticity”).
A Review of Sex-Specific Impacts of Prenatal Stress
Given the preponderance of evidence of fetal and male neonatal “fragility” as well as the theoretical arguments for sex-specific adaptive strategies in the face of early life stressors, the next step is to examine the extent to which prenatal stress is associated with sex differences in outcomes later in childhood and even into adulthood. Unfortunately, historically, only a fraction of studies on prenatal stress and child outcomes have considered the possibility of modification by child sex, with far more including sex as a covariate or ignoring it altogether. The tide has shifted more recently, however, and a recent systematic review identified 50 peer-reviewed papers published between 2015 and 2017 that examined prenatal stress and offspring development and reported on associations by child sex (Sutherland and Brunwasser 2018). Of those papers, 70% reported sex-specific effects or a significant sex*stress interaction.
In this section, we further consider these issues, reviewing epidemiological evidence of sex-specific impacts of prenatal stress on a variety of endpoints from infancy through adulthood (Fig. 10.2). To assess exposure, we consider a broad range of stress-related constructs including prenatal depression, anxiety, life events stressors, and pregnancy-specific distress. While each of these constructs is distinct, evidence suggests they impact similar physiological pathways and each has been linked to children’s social, cognitive, and physical development. We also consider biomarkers of maternal stress, for example, cortisol, which is commonly measured in maternal saliva. Unfortunately, at present, biomarkers representing the fetus’ direct exposure to stress are limited, and by convention, maternal biomarkers are used as a proxy (O’Connor and Barrett 2014). In addition, although socioeconomic status (and, even more crudely, race) is often used as a proxy for psychosocial stress, in the current review, we do not include these measures except to the extent that they are risk factors for maternal mental health issues (Huang et al. 2007; Kinser et al. 2018; Moore et al. 2019) and may be studied alongside more focused measures of psychosocial stress.[image: ../images/469610_1_En_10_Chapter/469610_1_En_10_Fig2_HTML.png]
Fig. 10.2Summary of epidemiological literature on sex-specific impacts of prenatal psychosocial stress


Finally, it is also worth noting the considerable body of work on sex-specific responses to prenatal stressors in animal models, most of which points to greater male vulnerability (cf. Morgan and Bale 2011; Bronson and Bale 2014; Bronson et al. 2017). Much of this work comes from well-characterized mouse models of early prenatal stress, but questions remain as to translation to humans given several key differences in physiology including (but not limited to) a lack of adrenal androgen and placental estrogen production (van Weerden et al. 1992; Hudon Thibeault et al. 2014). Indeed, a smaller body of work in the guinea pig, which produces adrenal androgens and placental estrogens like humans, suggests that female development also responds to maternal stressors, with some evidence of masculinization of hormones, behavior, and physiology (Kaiser and Sachser 1998; Kaiser et al. 2003a, b). Given the limitations of animal models in the context, we focus on examples from the epidemiological literature in this review.
Perinatal Outcomes
As previously discussed, the phenomenon of fetal and neonatal male “fragility” has been well documented in the clinical literature; however, when we examine the impacts of maternal psychosocial stress specifically, the literature is more equivocal. Of the relatively few studies that have examined sex differences in this context, some have found that female infants are more vulnerable to and more likely to be negatively affected by exposure to prenatal maternal stress relative to their male counterparts; however, results are quite variable across studies, possibly due to substantive differences in design and assessment of maternal stress.
In a longitudinal study of 212 Israeli mother-infant pairs, maternal anxiety (as measured by the Beck Anxiety Inventory) was not significantly associated with fetal biometry, birth weight, or weight at 1 month of age. However, significant gender-by-anxiety associations were observed such that males born to anxious mothers tended to be heavier than males born to the comparison group, whereas females born to anxious mothers tended to be lighter than females born to the comparison group (Kaitz et al. 2015). Additional work by the same research group (n = 219 dyads) further observed the typical sex differences in birth weight (males heavier than females) only among mothers with mild/moderate prenatal anxiety, whereas birth weights did not significantly differ in sons and daughters born to mothers in the comparison group (Kaitz et al. 2014). A much larger study of 5628 women from the United Kingdom, Ireland, Australia, and New Zealand, on the other hand, reported an apparent greater male vulnerability to maternal prenatal stress (Khashan et al. 2014). In that study, maternal stress, anxiety, and depression in mid-pregnancy were all risk factors for small-for-gestational-age (SGA) births. In sensitivity analyses, however, associations between maternal anxiety and depression and SGA were only observed for male infants. Most recently, a study of 527 US mother-child dyads reported that maternal negative life events during pregnancy were associated with shorter gestational age and increased risk of preterm birth among male, but not female, infants (Rosa et al. 2019).
Torche (2012) examined birth outcomes of women who were pregnant during an acute stressor, a 7.9 magnitude earthquake that occurred in the Tarapacá region in Chile in 2005 (Torche and Kleinhaus 2012). Women who experienced the earthquake in months 2 and 3 of gestation were more likely to have preterm deliveries, and results were sex specific. For example, the probability of preterm birth increased by approximately 4% among female infants exposed to the stress of the earthquake during the second or third month of gestation, but no associations observed in males. Employing a similar “natural experiment” design, Wainstock et al. compared birth outcomes in a cohort of Israeli women who lived in a region exposed to frequent rocket attacks and a nonexposed comparison group who delivered at the same birth hospital (n = 1846). Exposure status was linked to preterm birth, low birth weight, and small head circumference only in female fetuses (Wainstock et al. 2015).
Growth and Body Composition
Many studies have observed associations between prenatal stress and metabolic syndromes like obesity in young children (reviewed in Burgueno et al. 2019), but only a few have quantified differences between boys and girls, and to our knowledge, no studies have been designed to specifically answer this question. The majority of studies suggest that prenatal maternal stress promotes weight gain and fat accumulation, with similar associations observed in boys and girls.
Another natural disaster study drew upon the Quebec ice storm of 1998, one of the worst natural disasters in Canadian history (Liu et al. 2016). Three million people were left without electricity for up to 6 weeks in the coldest part of winter. Project Ice Storm studied body size at ages 5.5, 8.5, 11.5, 13.5, and 15.5 years among children of mothers who were pregnant during the storm (n = 123). In this cohort, prenatal stress was generally associated with higher body mass index (BMI) and waist-to-height ratio, and associations grew stronger as children aged but did not differ by sex. More recently work from the same research team examined body size in children who were gestated during the Iowa floods of 2008, the worst floods to affect the Midwestern United States in the previous 50 years (n = 106) (Dancause et al. 2015). Similar to the Ice Storm cohort, prenatal maternal stress was associated with greater adiposity at age 2.5 years as well as a larger BMI increase from age 2.5 to age 4. Associations between prenatal stress and higher BMI at age 2.5 were only present, moreover, when the mother reported low social support (Kroska et al. 2018). In the Iowa flood studies, like the Ice Storm study, the association between maternal stress and child body size did not differ by child’s sex. Finally, in a cohort of 67 pregnant women in Irvine, California, cumulative 4-day salivary cortisol production was assessed in each trimester (Entringer et al. 2017). Higher maternal cortisol levels in the third trimester were associated with increased child percent body fat from 1 to 6 months of age, as measured by dual-energy X-ray absorptiometry (DEXA) scans. Once again results were not modified by child sex; however, it is worth noting that all of the aforementioned studies were small and may have been underpowered to detect sex-stress interactions.
In contrast to the studies above, two larger cohorts observed sex differences in the relationship between maternal prenatal stress and offspring body size, though the directions of association differ. In the ABCD cohort from Amsterdam, maternal serum cortisol was measured during pregnancy at median age 16 weeks’ gestation (n = 1320) (Van Dijk et al. 2012). Higher maternal cortisol was associated with higher fat mass index in girls, but lower fat mass index in boys at age 5; no associations were observed for children’s BMI and waist circumference measurements. In the PROGRESS cohort from Mexico City (n = 424), maternal stress was quantified through four stress-related scales which were then used to create a composite stress index (Wu et al. 2018). Higher stress index scores were associated with lower body fat mass and percent body fat in daughters at ages 4–6, with no associations observed in sons. While the larger size of these studies provides more power to detect associations, the variable means of assessing maternal stress and the disparate findings suggest a need for more research in this area.
Asthma and Allergic Disease
Data from a number of prospective birth cohorts generally support an association between prenatal stress and increased risk of asthma and allergic disease in children (Fang et al. 2011; Lee et al. 2016; Bose et al. 2017; Rosa et al. 2018). Additional relevant respiratory endpoints have been studied in this context. For example, childhood wheeze, another endpoint that signals inflammatory airway disease and predicts asthma risk, has also been linked to prenatal stress (Chiu et al. 2012; Rosa et al. 2016). Similarly, spirometry data suggests that maternal stress may be associated with poorer lung function as indicated by reduced forced expiratory volume, forced vital capacity, and forced expiratory flow (Lee et al. 2017). Respiratory endpoints may be particularly interesting to consider in relation to sex differences given that asthma shows an interesting age-related pattern whereby in children, it is more common in boys (9.5%) than in girls (7.3%), but around puberty, the pattern reverses such that in adults, it is more common in women (9.8%) than in men (5.4%) (Bisgaard and Bonnelykke 2010; Szefler et al. 2014; CDC 2019). How does child sex fit into the relationship between prenatal stress and asthma (and related respiratory outcomes)? A number of studies have suggested there may be effect modification by sex, with boys typically (but not always) more strongly affected.
In a large Boston-based prospective birth cohort (n = 765), mothers reported on negative life events during pregnancy and postpartum (Lee et al. 2016). Whereas postnatal maternal stress was significantly associated with diagnosis of asthma by age 6 in offspring of both sexes, prenatal stress was only associated with increased odds of asthma in boys, with a dose-response relationship observed. In a Mexican cohort (n = 417), similar assessment of maternal negative life event scores was conducted, and respiratory disease was assessed in children at age 4 using the International Study of Asthma and Allergies in Childhood survey (Rosa et al. 2016). Greater maternal prenatal stress was associated with increased risk of child wheeze, with a suggestion of possibly stronger impacts on boys, whereas there was a significant postnatal stress*sex interaction suggesting increased risks among girls. An impact of prenatal stress on boys’ asthma risk is further supported by data from the Swedish Medical Birth Register. In an analysis of nearly 500,000 mother-child dyads, the children of mothers who experienced bereavement during pregnancy were significantly more likely to have an asthma event at ages 1–4 years and an asthma attack at ages 7–12 years, and boys whose mothers experienced a loss during the second trimester were particularly at risk (Fang et al. 2011). Additional research suggests that asthma risks may be particularly pronounced among boys who had joint gestational exposure to high levels of air pollution as well as maternal stress (Bose et al. 2017; Lee et al. 2018).
Two studies provide interesting contrasts to these findings. In the first, an unexpected inverse association between prenatal stress and inflammatory response to respiratory infection was observed in boys (Brunwasser et al. 2019). In a US cohort (n = 180), mothers reported stressful life events during pregnancy, and infants were followed up to age 1 to assess inflammatory cytokine concentrations (IL-1β, IL-6, and TNF-α) in a nasal wash during acute respiratory infection. Boys who experienced maternal stressors during gestation had reduced nasal inflammation, lower infection severity, and lower likelihood of hospitalization for respiratory infection over the subsequent 2 years, while no associations were observed in girls. The second exception is based on a study of children in Project Ice Storm (Turcotte-Tremblay et al. 2014). In this relatively small cohort of 68 children, objective stress caused by the ice storm was not significantly associated with respiratory endpoints in 12-year-old boys or girls. However, a subjective measure of maternal ice storm-related stress was associated with significantly increased rates of wheezing, asthma, and inhaled corticosteroid use in girls but not boys. Nevertheless, the majority of evidence suggests that prenatal maternal stress adversely impacts respiratory endpoints including asthma and that these negative impacts are stronger in boys than in girls (see also Chap. 7 “Immune Models and Mechanisms”).
HPA Axis Activity
Given that stress during pregnancy can alter a woman’s own hypothalamic-pituitary-adrenal (HPA) axis activity and that maternal glucocorticoids can cross the placenta, it is no surprise that the fetus’ developing HPA axis may be impacted by maternal stress as well. Although a number of studies have examined maternal psychosocial stress and HPA axis activity in relation to children’s HPA axis development, relatively few have examined sex differences in this relationship. In a study of children who were gestated during a natural disaster (the Iowa floods of 2008), mothers who perceived higher stress during the floods had daughters with greater stress-induced rises in cortisol at age 2, whereas no association was observed in sons (n = 94 dyads) (Yong Ping et al. 2015). In a healthy Canadian pregnancy cohort (n = 236), maternal distress and HPA axis activity were related to infant HPA activity in opposite directions in males and females (Giesbrecht et al. 2017). Whereas flatter maternal diurnal cortisol was associated with reduced cortisol response to a stressor (blood draw) in daughters at 3 months, among boys, a steeper maternal diurnal cortisol response was associated with reduced infant cortisol response. Associations between maternal and infant cortisol, moreover, varied in relation to maternal reported infant distress in girls, but not boys. In another study of 153 mother-infant pairs, girls (but not boys) born to mothers with major depressive disorder exhibited higher baseline cortisol and increased salivary response to a neurobehavioral exam (Stroud et al. 2016). Using a similar study design in another cohort, when confronted with a frustrating task, preschool-age daughters of mothers who had reported more emotional complaints during pregnancy had a greater cortisol response than non-exposed girls, while no associations were observed in boys (de Bruijn et al. 2009). Considered together, this body of work suggests that in infancy and early childhood, compared to boys, girls’ HPA activity is more sensitive to maternal prenatal psychosocial status.
Changes in HPA responsiveness following prenatal stressors appear to persist into middle childhood and adolescence; however, sex differences become less clear. Some studies still observed impacts primarily on the female HPA axis at this life stage. For example, administration of synthetic glucocorticoids in pregnancy (to reduce the risk of preterm birth) was associated with increased cortisol responsiveness to a stressor in 6–11-year-olds (n = 209), particularly among girls (Alexander et al. 2012). Similarly, another study observed that in adolescence, both sexes exhibited flatter diurnal cortisol following exposure to prenatal maternal distress; however, only in females was that profile associated with depressive symptoms (Van den Bergh et al. 2008). By contrast, in a cohort of 107 6-year-old Canadian children, maternal anxiety and/or depression during pregnancy was associated with higher diurnal cortisol as well as increased cortisol reactivity in boys, but not girls. In both sexes, maternal anxiety/depression had adverse impacts on executive function; however, these associations were mediated by cortisol reactivity only in boys (Neuenschwander et al. 2018).
Reproductive Outcomes
Evidence of cross-talk between the HPA axis, involved in stress response, and the hypothalamic-pituitary-gonadal (HPG) axis, involved in reproduction function, has stimulated interest in the relationship between prenatal stress and reproductive outcomes in offspring (Oyola and Handa 2017). Given the long delay between maternal prenatal stress and reproductive maturity in offspring, most of this work has focused on intermediate outcomes. Several studies have examined the relationship between prenatal exposure to life events stress and anogenital distance (AGD) in infants. AGD is an anatomical measure that is widely used in animal models (and, to a lesser extent, humans) as an index of androgen activity in early gestation (Dean and Sharpe 2013). At birth (and across the life span), AGD is significantly longer in males, as a result of higher in utero androgen exposure (Swan et al. 2015; Priskorn et al. 2018). In a US-based pregnancy cohort (n = 273), parental reported life events stress during pregnancy was associated with significantly longer AGD in daughters in infancy, potentially suggesting greater prenatal androgen activity (Barrett et al. 2013). The clinical relevance of this finding is that longer AGD in adult women is a risk factor for polycystic ovary syndrome as well as increased ovarian follicle counts (Mendiola et al. 2012; Sanchez-Ferrer et al. 2017; Wu et al. 2017). No association was observed in boys (Barrett et al. 2013). In two subsequent pregnancy cohorts, MIREC (n = 300) and TIDES (n = 738), there were no main effects of prenatal stress on infant AGD in either sex; however, in both studies, stress modified the impact of prenatal chemical exposures on AGD in sex-dependent ways (Barrett et al. 2016; Arbuckle et al. 2019). In the Australian Raine study, maternal reports of stressful life events during pregnancy were associated with nonsignificantly increased risk of cryptorchidism in sons, although notably, only 24 cases of cryptorchidism were identified in a sample of 1273 boys and there is no analogous measure to examine in girls to assess sex differences (Brauner et al. 2019b).
The literature examining adolescent and adult reproductive outcomes following maternal stress is sparse but lends some additional support for sex-dependent effects. HPA and HPG hormones were compared in 14-year-olds who were gestated in Finland during the Chernobyl nuclear explosion of 1986 (n = 121 twin pairs) and a comparison group born 1 year later (n = 157 twin pairs) (Huizink et al. 2008). Cortisol levels were higher in both sexes, and testosterone levels were higher among girls in the exposed cohort compared to the unexposed cohort. One of the few studies of prenatal stress and reproductive outcomes to extend into adulthood involves the follow-up of individuals who were gestated during the Dutch famine of 1944–1945 when food rations were extremely limited under Nazi occupation (Yarde et al. 2013). In a study of their subsequent reproductive histories through mean age 59 years (n = 407), compared to time controls born before or after the famine (n = 344) and family controls (n = 319), the survivors had no differences in odds of nulliparity, age at first birth, or fertility issues, and no sex-dependent associations were reported. Given the additional nutritional stressors faced by this cohort and the lack of specific data on maternal psychosocial stress, additional work is needed to further explore these issues. A more recent analysis based on Danish Birth Cohort data (n = 660,099) found that maternal bereavement (specifically loss of spouse, partner, child, parent, or sibling) in the first trimester of pregnancy was associated with increased odds of infertility in daughters (Plana-Ripoll et al. 2016). A separate analysis in the Danish Birth cohort (n = 1,217,576) examined maternal bereavement in relation to sons’ reproductive health observing that overall, maternal bereavement was associated with risk of reproductive problems (defined as a composite of genital anomalies, testicular cancer, and male infertility) in sons (Plana-Ripoll et al. 2017). Results were strongest when first trimester bereavement was considered in relation to genital anomalies. Additional follow-up of the Raine cohort (n = 643) further observed that maternal stressful life events, particularly in early gestation (18 weeks), were associated with lower sperm counts, fewer progressive motile sperm, and lower waking serum testosterone concentrations (Brauner et al. 2019a). To our knowledge, no analogous work has examined prenatal psychosocial stressors and ovarian function in women.
Neurodevelopmental Outcomes
A robust body of work demonstrates consistent sex differences in psychiatric, neurodevelopmental, and neurodegenerative disorders (Altemus et al. 2014; Pinares-Garcia et al. 2018). For example, across numerous studies and settings, the prevalence of major depression, anxiety, and other stress-related disorders is higher among females than males, and some studies suggest additional sex differences in clinical presentation as well as pharmacological response (reviewed in Rubinow and Schmidt 2019). By contrast, other disorders, such as autism spectrum disorders and attention-deficit/hyperactivity disorder, have well-documented male biases in prevalence and may present differently in boys and girls (Arnold 1996; Werling and Geschwind 2013). The search to better understand the origins of these diseases and to make sense of their profound sex differences has led to a considerable interest in the role of prenatal stress in neurodevelopment and the potentially moderating role of fetal sex (Hicks et al. 2019). As a result, the literature in this area is much more extensive than for the other outcomes discussed, and it encompasses a wide range of endpoints ranging from brain anatomy to cognition, behavior, and temperament. Below, we review some of the recent literature in this field, much of which supports sex-specific impacts and in particular the hypothesis that prenatal stress has a stronger impact on neurodevelopment in females than males.
The Brain
Much of the neural circuitry underlying the stress response, including key brain regions such as the hypothalamus, amygdala, hippocampus, anterior cingulate cortex, and ventromedial and orbital prefrontal cortices, is highly sexually dimorphic (Bangasser and Valentino 2014; Oyola and Handa 2017). These key regions are also rich in sex steroid and glucocorticoid receptors, which means that the sex-dependent development of these critical, interconnected regions is likely to be responsive to stressors. Infant imaging studies, using magnetic resonance imaging (MRI) and other imaging modalities, demonstrate that the brain is sexually dimorphic even in newborns (Gilmore et al. 2007; Dean et al. 2018). When used in the context of pregnancy cohort studies, these noninvasive technologies can also provide insight into the impact of prenatal stress on brain structure and function in infancy and early childhood.

Several studies have independently observed that higher maternal cortisol, maternal depression, and pregnancy-specific anxiety are associated with larger amygdala volume in girls (but not boys) in mid-childhood (Buss et al. 2012; Wen et al. 2017; Acosta et al. 2019). Sex-dependent changes have also been observed in amygdala connectivity following prenatal stress. In a study of healthy mothers and infants (n = 70 dyads), higher maternal cortisol in pregnancy was associated with greater connectivity between the amygdala and sensory processing regions in girls at age 2, but reduced connectivity between these regions in boys (Graham et al. 2019). Additional work suggests that there may be more widespread changes in the organization and function of the cortico-striato-amygdala circuitry (important for emotional regulation) in preschool-age girls (but not boys) born to mothers with more depressive symptoms in pregnancy (Soe et al. 2018).
Although the amygdala appears to be particularly sensitive to disruption by prenatal stress, several studies indicate more extensive sex-dependent changes in brain structure and function. A study of 52 mother-child pairs observed that associations between second trimester maternal depression and children’s cortical thickness at age 2–5 were stronger in girls than in boys (n = 52) (Lebel et al. 2016), though in a second study (n = 91 dyads), maternal cortisol in late pregnancy was associated with greater cortical thickness and no sex difference observed (Davis et al. 2017). In a small study of 35 mother-child dyads followed until 6–9 years of age, higher maternal pregnancy-specific anxiety was associated with decreased gray matter density and volume reductions in key brain regions including the prefrontal cortex, premotor cortex, medial and lateral temporal lobes, and postcentral gyrus (Buss et al. 2010); reanalysis of the initial results further showed that effects were limited to female offspring, with no impact of maternal pregnancy anxiety on male gray matter volume (Sandman et al. 2013). Maternal cortisol concentrations in mid-late pregnancy have also been associated with denser neural connectivity in girls (but not boys) at ages 6–9 (n = 49 dyads), and in girls, this increased connectivity mediated associations between maternal cortisol and internalizing behaviors (Kim et al. 2017). In the GUSTO study, maternal depression scores in pregnancy were associated with increased right frontal activity and asymmetry (as measured by electroencephalogram [EEG]) in daughters, but not sons, at 6 months of age (Soe et al. 2016). Thus, the preponderance of work in this area suggests stronger impacts of prenatal stress on the developing female brain, which is notable given that infant and early childhood brain imaging studies are typically quite small and may be underpowered to detect sex differences unless they were explicitly designed to do so (see also Chap. 9 “Imaging and Structural Changes”).
Neurodevelopment
From a functional perspective, the next question is whether changes in brain structure and connectivity in response to prenatal stress manifest in sex-dependent neurodevelopmental phenotypes. Based on the literature to date, the answer appears to be yes, despite the potential for confounding by genetic contributions to mental health that may be transmitted from mother to child (Bekkhus et al. 2018). Below, we examine the literature on sex differences on the impact of prenatal maternal stress on neurodevelopmental sequelae, focusing on studies in two domains: cognition and socioemotional/behavioral development.

Cognition
Many different tools have been used to examine cognitive development in infants and young children following prenatal maternal stress. While some studies have used common global measures such as the Bayley Scales of Infant Development (BSID) and Wechsler Preschool and Primary Scale of Intelligence (WPPSI), others have examined specific domains (e.g., spatial ability, vocabulary, memory) or even academic performance (reviewed in Talge et al. 2007). Although child sex is routinely included as a covariate, relatively few studies have considered it as an effect modifier, evaluating whether the relationship between exposure (prenatal stress) and outcome (child cognition) may vary by child’s sex.

The Queensland Flood Study recruited pregnant women who lived through severe, destructive flooding in 2011, assessing objective (e.g., property damage) and subjective (e.g., trauma) stress resulting from the disaster (Simcock et al. 2017a). Several papers on prenatal stress and cognition have been published based on longitudinal follow-up of this cohort. Among mothers who reported high subjective distress in pregnancy, boys scored better than girls on the Ages and Stages problem-solving subscale at 6 months of age (n = 115); however, no additional sex differences were reported (Simcock et al. 2017c). In the same cohort, no sex differences in cognitive and motor development (as measured by the BSID) in response to prenatal stress were observed at 16 months of age (Moss et al. 2017); however, among mothers who experienced greater objective hardship, boys experienced more behavioral problems than girls (Lequertier et al. 2019). Finally, at 30 months old, increased subjective maternal stress in pregnancy was associated with poorer theory of mind in girls, but not boys (n = 130) (Simcock et al. 2017b). Similar work in a second natural disaster pregnancy cohort (the Quebec Ice Storm study) reported sex-dependent impacts of prenatal maternal stress on offspring vocabulary in adolescence, with positive associations in girls, but more complex U-shaped associations in boys (King and Laplante 2015).
Several additional studies reporting associations between prenatal stressors and childhood cognitive outcomes have examined modification by child sex, finding no evidence of sex differences despite relatively large sample sizes in some cases (Davis et al. 2017; Koutra et al. 2017; O’Donnell et al. 2017). One such study, a Canadian cohort (n = 236 dyads), reported that higher maternal stress during pregnancy (as measured by maternal reported stressful life events) was associated with poorer performance on several cognitive measures (assessed at 6–48 months) including spatial working memory and attention shifting with deficits generally observed in both sexes. However, in males only, high-quality maternal care protected against the adverse impacts of maternal stress, suggesting a potentially important role for the postnatal environment (Plamondon et al. 2015). A study of maternal pregnancy-specific anxiety in mid-gestation and children’s executive function at ages 6–9 found a negative association only in girls (n = 89) (Sandman et al. 2013). Nevertheless, the literature in this area is small and provides only limited evidence of sex-dependent impacts of prenatal stress on cognition.
Socioemotional/Behavioral Development
In contrast to the literature on cognitive effects, evidence of sex-dependent impacts of prenatal stress on socioemotional and behavioral development is stronger and overall is consistent with the larger literature on sex differences in psychiatric and neurodevelopmental disorders. Importantly, associations between prenatal maternal stress and child outcomes (including sex-specific relationships) are observed even after adjusting for maternal postnatal stressors and mood disorders (e.g., Quarini et al. 2016). Taken as a whole, this literature suggests that depending on the particular outcome of interest, prenatal stress may have stronger impacts on girls’ or boys’ neurodevelopment.

Several studies have examined infant irritability, or more generally temperament, in this context. In a UK cohort (n = 216 dyads), waking maternal cortisol was associated with greater irritability in infants at 5 weeks of age, and associations were significantly stronger in female infants (Braithwaite et al. 2017b). Similar work in a smaller cohort (n = 88) linked maternal concentrations of two salivary biomarkers of prenatal stress (maternal cortisol and alpha-amylase) in mid-late pregnancy to more negative emotionality in female infants, but less negative emotionality in males at 2 months of age (Braithwaite et al. 2017a). In addition, in a reanalysis of previously reported findings that did not consider sex as a modifier (Davis et al. 2005), Sandman et al. (2013) observed that maternal corticotropin-releasing hormone (CRH) at 25 weeks’ gestation was positively associated with maternal-reported fearful behavior and distress among female (but not male) infants at 8 weeks old (n = 248), with similar results observed in relation to maternal depression (Sandman et al. 2013). Higher maternal cortisol in late pregnancy was similarly associated with fearful temperament in girls (but not boys) at 2 months of age (Sandman et al. 2013). By contrast, additional work in the Queensland flood cohort at 6 months of age (n = 121) observed stronger associations in boys, whereby mothers who experienced more objective hardship during the floods reported increased irritability among their sons (but not daughters) (Simcock et al. 2017a). Taken as a whole, the literature on maternal stress indicates greater impacts on girls’ temperament in infancy.
By contrast, studies of prenatal stress in relation to behavioral patterns in early to mid-childhood consistently demonstrate that maternal stress in pregnancy is associated with internalizing symptoms and behaviors in offspring (after adjusting for postnatal maternal stress and other relevant covariates); however, few sex differences have been reported. For example, in the Singaporean Growing Up in Singapore Towards Healthy Outcomes (GUSTO) study (n = 258), maternal depression scores at 26 weeks were associated with higher internalizing scores at 24 months in both sexes (Soe et al. 2016). Similarly, in the Norwegian MoBa cohort (n = 1195), pre- and postnatal maternal distress were associated with greater anxiety symptoms at age 3.5, but results did not vary by sex (Bendiksen et al. 2015). The Wirral Child Health and Development Study (WCHADS), a large UK cohort (n = 1233), observed that maternal anxiety in pregnancy was associated with higher internalizing (as well as externalizing) scores on the Child Behavior Checklist at age 3.5, but no significant sex differences were observed (Pickles et al. 2017). Data from a second large UK-based study, the Avon Longitudinal Study of Parents and Children (ALSPAC; n = 7144), showed that associations between maternal anxiety in late pregnancy and adverse behavioral/emotional development were consistent from ages 4 to 6, but again reported no meaningful sex differences (O’Connor et al. 2002, 2003). An overall impact of maternal prenatal objective hardship on children’s anxiety and internalizing behaviors was reported in the smaller Queensland Flood Study as well, but again no sex differences were found (McLean et al. 2018).
Several studies have examined these questions in older children and adolescents, at which point associations are once again consistently stronger in females. In another data reanalysis by Sandman et al. (n = 178), higher maternal cortisol in late pregnancy predicted anxiety scores on the Child Behavior Checklist among daughters, but not sons, at age 6–9 (Sandman et al. 2013). A separate neuroimaging study (n = 49), moreover, provided evidence that associations between maternal cortisol and internalizing problems in girls at ages 6–9 may be mediated by patterns of neural connectivity (Kim et al. 2017). In a small study (n = 58), mid-pregnancy maternal anxiety was associated with depressive symptoms in daughters (as well as higher, flatter diurnal cortisol profiles in children of both sexes) at age 14–15, even after adjusting for maternal postnatal anxiety (Van den Bergh et al. 2008). Several much larger studies have examined maternal stressors in relation to diagnoses of depression and anxiety later in adolescence. Follow-up work in the ALSPAC study (n = 7959) observed that prenatal maternal depression was linked to increased odds of depression in daughters, but decreased odds in sons at age 18 (Quarini et al. 2016). In the same study cohort, prenatal exposure to an objective measure of stress, stressful life events, was associated with depression across adolescence with no sex differences noted (Kingsbury et al. 2016). The Western Australian Pregnancy Cohort Study used a similar measure of stressful life events to assess events occurring prenatally as well as across childhood and adolescence (n = 1214). Although postnatal stressful life events were important predictors of depression and anxiety in daughters at age 20, prenatal stressors were only associated with depression and anxiety symptoms in sons (Herbison et al. 2017).
Attention and conduct problems, including clinical diagnoses of attention-deficit/hyperactivity disorder (ADHD), are more common among males than females (Erskine et al. 2013), and overall, research suggests that elevated maternal stress in pregnancy may be more strongly linked to attention and conduct problems in boys than girls. In MoBa (n = 1195 dyads), maternal symptoms of distress (both pre- and postnatal) were associated with increased risk of conduct disorder and oppositional defiant disorder at age 3.5, with stronger associations observed in boys (Bendiksen et al. 2015). Similarly in a Chinese cohort (n = 1765 dyads), maternal reports of stressful life events in the second trimester were associated with ADHD symptoms in boys, but not girls, at age 4, and these associations were strongest when mothers also demonstrated avoidance coping or a lack of social support, again pointing to the importance of context (Zhu et al. 2015). In an interesting use of data from the very large Danish National Birth Cohort (n = 1,015,912), ADHD hospitalization and medication use were examined in the children of mothers who experienced the death of a close relative during pregnancy or the preceding year compared to children of unexposed mothers (Li et al. 2010). The researchers found that sons born to mothers who had experienced unexpected loss of a child or spouse had significantly greater odds of having ADHD after age 3 than sons of unexposed mothers, and results were strongest for mothers who experienced the loss during pregnancy. No associations were observed in girls. By contrast, in the GUSTO study (n = 258), maternal depression in mid-pregnancy was associated with more externalizing behaviors at age 24 months in girls only (Soe et al. 2016). In the Rhea study (n = 288), prenatal depression, anxiety, and neuroticism were associated with conduct problems in children at age 4, but no sex difference was observed (Koutra et al. 2017). A longitudinal Pittsburgh-based pregnancy cohort study (n = 577) followed children until age 16 and observed that males who were exposed to higher prenatal and postnatal maternal anxiety were at increased odds of meeting DSM-IV criteria for a conduct disorder, whereas the opposite association was observed in girls (Glasheen et al. 2013).
Adaptive Perspectives on Stress-Related Sex Differences in Neurodevelopment
Glover and Hill (2012) proposed an adaptive explanation for the apparent greater female neurodevelopmental vulnerability to prenatal stress, one which is not necessarily at odds with the other adaptive explanations proposed, but which specifically addresses prenatal stress and sex differences in the context of neurodevelopment (Glover and Hill 2012). Returning to the idea that male reproductive success is optimized through successful competition for mates, Glover and Hill argue that an adaptive male psychology should favor increased aggression, but reduced fear, which might be biologically manifested as reduced cortisol reactivity. This is supported, in part, by evidence that antisocial externalizing behaviors are often accompanied by reduced HPA and autonomic responsivity (Popma et al. 2007; van Goozen et al. 2007), although evidence of sex differences in cortisol reactivity in response to experimental stressors in healthy populations is not clear cut (Kudielka et al. 2004; Stephens et al. 2016; Liu et al. 2017). In females, by contrast, whose reproductive success is contingent on parental investment in offspring who survive to reproductive maturity, maternal anxiety and stress reactivity may be favored as protective mechanisms (Glover and Hill 2012).

An extension of this hypothesis integrates the idea of “mismatch,” which suggests that pathologies may arise when fetal physiology adapts to maternal cues signaling an adverse environment, but the postnatal environment ends up being more bountiful or less stressful than anticipated. This hypothesis was originally developed to explain how prenatal undernutrition (signaling a resource-poor environment) may contribute to obesity and cardiometabolic disease in the context of an energy-rich postnatal environment (Pike et al. 2008). The idea of mismatch may be similarly relevant in the context of prenatal stress (Glover 2011), whereby heightened maternal psychosocial stress during pregnancy may prime fetal physiology to face a stressful postnatal environment. This psychological mismatch may exacerbate sex-specific tendencies toward increased aggression and reduced fear in males, but heightened vigilance and anxiety in females. Support for this theoretical model comes from studies of starlings, whereby prenatal stress was simulated by corticosterone injections in eggs while postnatal stress was caused by maternal wing clipping (which reduced maternal provisioning ability) (Love and Williams 2008a, b). First, low-quality mothers who reared corticosterone-exposed chicks preferentially invested in daughters, resulting in increased mortality among male offspring, consistent with Trivers-Willard hypothesis (Trivers and Willard 1973). In addition, female offspring experienced greater increases in HPA axis reactivity than males, particularly when there was a “mismatch” between the levels of prenatal and postnatal stress.
To our knowledge, only a single human study has explicitly tested the idea of evolutionary mismatch in the context of prenatal stress and sex-specific neurodevelopment. In a clever analysis and interpretation of observational data from WCHADS pregnancy cohort (n = 887), Hill et al. (2019) used data on maternal prenatal anxiety (at 20 weeks’ gestation) and maternal postnatal anxiety (at child ages 9 weeks, 14 months, and 3.5 years) to categorize participating offspring into four prenatal/postnatal anxiety categories (low/low; low/high; high/low; high/high) (Hill et al. 2019). Child irritability was highest in the mismatch groups (low/high and high/low), particularly when low levels of maternal stroking (tactile stimulation) were reported. When analyses were stratified by child sex, the associations were limited to girls, which was consistent with a priori hypotheses developed based on evolutionary theory (see also Chap. 3 “The Developmental Effects of Prenatal Maternal Stress”).
Mechanisms
Although an extensive discussion of the mechanisms by which prenatal stress may impact child development in sex-dependent ways is beyond the scope of this review, several key mechanisms merit brief consideration in this context and are the subject of ongoing work in this field.
HPA Axis
As the main endocrine stress response system, by default, the HPA axis is often assumed to be the mechanism by which maternal psychosocial stress impacts fetal development. Evidence of variation in maternal cortisol profiles by fetal sex is limited. One study (n = 120) observed that women carrying male fetuses had higher salivary cortisol than women carrying female fetuses from 24 to 30 weeks’ gestation after which the relationship reversed through the remainder of pregnancy (DiPietro et al. 2011). A second study of 295 women reported a weak, but significant, flattening of the typical diurnal salivary cortisol decline in women carrying girls as compared to boys but did not observe temporal changes in this pattern across pregnancy (Giesbrecht et al. 2015). At the same time, it is unclear how well maternal cortisol levels in mid-late pregnancy even reflect fetal exposures. Of six studies on sex differences in umbilical cord cortisol levels, only two reported a sex difference (higher cortisol in females) (reviewed in Carpenter et al. 2017), though it should be noted that cord blood cortisol may be a problematic measure reflecting the stress of labor and delivery as well as basal cortisol levels. The most relevant question in this context is whether prenatal maternal stress results in sex-dependent changes in maternal and/or fetal HPA axis activity, issues that have yet to be addressed in humans. Interestingly in animal models, the adverse impacts of prenatal stress on depression and anxiety in female offspring are prevented by adrenalectomy of the dams which impairs glucocorticoid activity (Frye and Wawrzycki 2003).

The Placenta
That the placenta, which derives largely from fetal tissue, has a “sex” is a relatively new, but important, concept (Rosenfeld 2015). It suggests, furthermore, that placental response to psychosocial stressors may also be sex dependent. One example of this comes from work on the placental enzyme 11βHSD-2 which inactivates an estimated 80–90% of maternal cortisol, providing a barrier to protect the fetus (Gitau et al. 1998; Pepe et al. 1999). Under psychosocial stress, expression of this barrier enzyme is downregulated, presumably resulting in higher fetal cortisol exposure (O’Donnell et al. 2012). Notably, female placentas have higher levels of 11βHSD-2 on average, as well as a greater distress-related decreases in 11βHSD-2, again suggesting greater responsiveness to environmental cues, but also greater placental permeability in response to stress, potentially resulting in increased risks of disruption of female fetal development through increased glucocorticoid exposure (Mina et al. 2015). This is also observed in the context of maternal asthma, which can be considered a physiological stressor, whereby the female fetus reduces 11βHSD-2 and glucocorticoid metabolism, resulting, importantly, in overall smaller fetal size. In males, no such changes in 11βHSD-2 or fetal size are observed in mothers with asthma (Clifton 2005). Work from the same research group demonstrates, furthermore, that female placentas from mothers with asthma exhibited decreased glucocorticoid receptor (GR) messenger RNA and different GR isoform expression compared to female placentas from a non-asthmatic comparison group, whereas no changes were observed in male placentas (Hodyl et al. 2010; Saif et al. 2014). The female placenta is also more responsive to medications. For example, among mothers at risk of preterm birth, magnesium sulfate leads to full relaxation of the placental bed in mothers carrying females (but not males), facilitating nutrient transfer and gas exchange to the at-risk fetus (Gray et al. 2015) (see also Chap. 4 “Prenatal Programming in the Fetus and Placenta”).

Epigenetics
Epigenetic mechanisms have gained interest in the context of perinatal research as a route by which maternal stress may have long-term impacts on children’s development (reviewed in Kundakovic and Jaric 2017). The most commonly studied epigenetic mechanism is DNA methylation, which typically represses gene transcription; however, other mechanisms such as histone modification are of interest as well. Unlike the genome, the epigenome is responsive to exposures across the life span, and the prenatal period is believed to be particularly susceptible to epigenetic alterations (Jirtle and Skinner 2007). Notably evidence (primarily from animal models) suggests that epigenetic changes may play an important role in the maternal stress-related HPA axis and placental changes described above and may do so in sex-specific ways. For example, in a rodent model, males exposed to chronic, variable stress during gestation showed altered methylation of the GR and corticotropin-releasing factor (CRF) genes as well as heightened HPA stress responses and depressive behaviors (Mueller and Bale 2008). By contrast, a separate rodent study found that exposure to the scent of a predator during gestation was associated with increased corticosterone response to stress in female offspring as well as changes in methylation of brain-derived neurotrophic factor (Bdnf) exon IV, which is involved in neurodevelopment (St-Cyr et al. 2017). Interestingly, mouse models have also identified epigenetic changes (such as in H3K27me3) that appear to confer female resilience to the adverse effects of maternal stress (Nugent et al. 2018). The human research, although less prolific at present, particularly in the context of sex differences, indicates epigenetic changes in many of the same genes following maternal stress. For example, a small study (n = 68) observed that increased methylation of NR3C1 following prenatal life events stress occurred in female offspring (but not males) and was associated with greater fearfulness at age 5 months (Ostlund et al. 2016). In a separate study (n = 57), maternal depressive symptoms in mid-late pregnancy were associated with greater methylation of NR3C1 in sons as well as decreased BDNF IV methylation in both sexes (Braithwaite et al. 2015) (see also Chap. 5 “Epigenetic Effects of Prenatal Stress”).

Conclusions
Overall, the epidemiological literature suggests that for many outcomes, males and females may respond differently to prenatal stress. These sex differences are highly domain specific, so the idea of one sex being particularly vulnerable to maternal stress is surely an overgeneralization. For example, males may be more vulnerable to maternal stress in terms of some perinatal and respiratory outcomes, while females show more vulnerability in terms of neurodevelopmental outcomes. Even within these domains, results are often heterogeneous across studies, which may be related to differences in the types or timing of stressors as well as differences in outcome assessment, such as maternal reports versus direct child observations.
Although the literature on sex-specific responses to prenatal stress has grown rapidly over the last decade, a clear concern is that publication bias may favor the dissemination of studies reporting significant sex-dependent associations, which again speaks to the value of considering sex differences in all studies regardless of the primary aims. As recommended by the Institute of Medicine nearly 20 years ago, consideration of sex as a biological variable should be included in the early stages of study planning to ensure adequate power and appropriate study design to detect sex differences if they exist (Institute of Medicine 2001). In fact, there may be some cases in which by failing to consider the possibility that associations may differ by sex, a group analysis combining both sexes results in a “wash-out” of overall effects and a false negative result (Giesbrecht et al. 2017). This is particularly important to do in analyses related to conditions for which there is moderate to strong evidence of sex-specific effects of prenatal stress such as asthma and emotional problems. Simply including sex as a covariate in models and examining its main effects on outcomes is frequently insufficient, and stress*sex interactions should always be considered in analytic approaches. At the same time, researchers need to be alert to the heightened possibility of type 1 errors when multiple outcomes are assessed in both sexes (individually as well as combined), a concern that reinforces the importance of developing a priori hypotheses and a strong biological rationale before embarking upon analyses. Indeed, there are surely outcomes for which the impact of prenatal stress does not meaningfully differ by sex, as evidenced by well-powered studies that have examined, but found a lack of evidence to support, sex differences (Kingsbury et al. 2016; O’Donnell et al. 2017).
The current review also highlights gaps in the current literature on this topic. Although studies of prenatal stress in relation to sex differences in early childhood have proliferated in recent years, far fewer have extended follow-up into the middle-childhood and adolescent period. Examining trajectories of development before, during, and after pubertal development is highly relevant in this context given the profound physiological changes as well as the enhanced mental health risks that begin to emerge during this period, particularly in girls (Paus et al. 2008; Blakemore 2019). Future work should also consider psychosocial (e.g., social stress) and biological (e.g., sex steroid hormones) factors during this period as potential effect modifiers of the relationship between prenatal stress and adolescent outcomes.
When sex-specific responses to prenatal stress are detected (and replicated) through rigorous epidemiological studies, a clear next step is to identify underlying biological mechanisms. The mechanisms discussed in the current review (HPA axis, placenta, epigenetics) are not mutually exclusive, nor are they intended to be comprehensive, as other mechanistic pathways, including oxidative stress and gonadal hormone production, may also be relevant. Animal models may yield important mechanistic insights, though translation from animal models of psychosocial stress to humans may not always be straightforward. Ultimately, identifying key mechanisms by which prenatal stress may differentially impact males and females may be a first step in reducing sex differences in vulnerability to disease, particularly neurodevelopmental and psychiatric conditions.
From a clinical perspective, interventions to improve childhood outcomes could focus on enhanced maternal mental health screening in pregnancy paired with interventions to reduce maternal stress. Although this chapter focuses on sex differences in response to prenatal stress, it is suggested that such programs be implemented broadly to be maximally beneficial to both sexes, rather than targeting mothers carrying male or female fetuses. Secondarily, postnatal interventions to mitigate potential adverse effects following elevated maternal stress could further target at-risk women, particularly when paired with programs to promote healthy childhood development. Although several studies have shown that overall a supportive postnatal environment may ameliorate the adverse impacts of prenatal stress on child development, little is known about whether there are sex differences in this relationship (Bergman et al. 2008; Kaplan et al. 2008; Schechter et al. 2017). In other words, after prenatal stress, do the effects of postnatal intervention or positive environment (such as through strong parent-child attachment) differ by child sex? This is an important area for future study as it may inform sex-specific approaches to childhood interventions following prenatal stress.
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Introduction
Preterm birth at <37 weeks’ gestation occurs in approximately 15 million live births (11% annually worldwide), and is a global public health problem (Blencowe et al. 2013). Although survival rates have increased dramatically, neurodevelopmental morbidities have not improved. Such morbidities include vision and hearing problems (Leung et al. 2018), motor difficulties (Kato et al. 2016), attention-deficit/hyperactivity disorder (ADHD) (Johnson et al. 2016), cognitive, executive functioning (Alduncin et al. 2014), and academic difficulties (Jaekel et al. 2015), as well as behavioral problems (Linsell et al. 2016). Preterm infants frequently have diffuse white matter injury (Cho et al. 2019) and alterations in network connectivity involving the thalamus, cerebellum, superior frontal lobe, and the cingulate gyrus (Batalle et al. 2017). Infants born extremely preterm (< 29 weeks’ gestation) or very preterm (29–32 weeks’ gestation) are at even greater risk of developmental difficulties and neurological impairments than infants born moderate to late preterm (33–37 weeks’ gestation).
Infants born very preterm require weeks to months hospitalized in the neonatal intensive care unit (NICU). This hospitalization occurs during a period of rapid brain development, including neuronal proliferation and cell differentiation and migration, synapse formation and pruning, axonal development, and oligodendroglial maturation (Volpe 2009). Nociceptive processes are also maturing during this time (Ranger and Grunau 2014), as are brain regions involved in nociception such as the anterior insula, anterior cingulate cortex, prefrontal cortex, and primary somatosensory cortex. These regions are functional by term-equivalent age (Verriotis et al. 2016), but are developing throughout the period when very preterm neonates are in the NICU exposed to stress/pain and clinical events associated with prematurity.
The misconception that neonates cannot feel pain persisted until the mid-1980s, but evidence to the contrary has accumulated rapidly over the last three decades (Perry et al. 2018). Neonatal intensive care is characterized by medically necessary but painful and stressful procedures, such as heel sticks for blood collection, intubation, venipunctures, and surgeries. Hospitalized neonates born very preterm have been reported to undergo many painful procedures per day (Cruz et al. 2016), with especially high numbers in infants at lower gestational ages (D’Agata et al. 2019). Physiological responses to pain in preterm infants include changes in heart rate, blood pressure, intracranial pressure, respiration rate, oxygen saturation, and skin color and conductance (Gardner et al. 2018). As measured by electroencephalography (EEG), near-infrared spectroscopy (NIRS), and functional magnetic resonance imaging (fMRI), even a single invasive procedure triggers electrical brain activity and hemodynamic responses that are significantly greater in magnitude than those elicited by innocuous tactile stimulation (Verriotis et al. 2016). On NIRS, preterm newborns in the first days of life show increased oxygenated hemoglobin in the contralateral somatosensory cortex in response to venipuncture (Bartocci et al. 2006). This response is particularly acute in male infants and infants born at lower gestational ages.
Furthermore, NICUs are potentially distressing environments characterized by bright lights and loud noises, and infants experience frequent routine physical interventions such as dressing and undressing, temperature checks, diaper changes, oral care, and being held (Filippa et al. 2019). Stress in turn exacerbates pain, and prior procedures lead to reduced pain thresholds in subsequent procedures due to sensitization. Thus, neonatal intensive care is a far cry from the dark, relatively quiet intrauterine environment that usually supports the later stages of fetal development. Pain-related stress in the NICU can have serious and far-reaching adverse effects on neurodevelopment due to altered brain microstructure and function, stress regulation, and many other factors such as epigenetic changes and interrupted sleep cycling. Normal genetic variation interacts with pain-related stress, which suggests that some individuals may be at greater risk of long-term adverse effects than others. These issues are explored in the sections that follow, together with a brief consideration of factors that may help mitigate the impact of early pain-related stress on these already high-risk individuals.
There is a rich body of evidence concerning the impact of stressful events during pregnancy on fetal development and subsequent child outcomes (Christian 2012). In infants born preterm, this fetal development can be conceptualized as continuing after birth ex utero. However, this development is modified by aspects of the hospital environment that inevitably differ from the in utero environment in which this period of fetal development typically occurs. Among infants born preterm and therefore hospitalized, pain and stress exposure induced by procedures in the NICU can be operationalized as an ex utero model of fetal stress. The fact that the NICU environment is observable and the stressors experienced by hospitalized infants are measurable is a significant benefit of this model, as this allows for a greater understanding of the mechanisms underlying the impacts of stress on fetal programming and development.
Altered Brain Microstructure and Function
Greater neonatal procedural pain-related stress exposure in neonates born very preterm has been associated with numerous changes in brain development, above and beyond clinical factors related to prematurity. Grunau, Miller, and colleagues first examined brain maturation from early life to term-equivalent age, finding that higher pain exposure was associated with poorer white matter development, decreased subcortical grey matter metabolism (Brummelte et al. 2012), and altered corticospinal tract anisotropy (Zwicker et al. 2013) after adjustment for clinical confounders. In an independent cohort at school age, this team showed pain-related stress predicted altered brain structure, including white matter dysmaturation (Vinall et al. 2014), decreased cortical thickness (Ranger et al. 2013), and reduced sub-regional cerebellar volumes (Ranger et al. 2015). Moreover, neonatal pain-related stress predicted altered functional cortical activity (Doesburg et al. 2013) and resting connectivity (Kozhemiako et al. 2019) on magnetoencephalography (MEG), primarily in children born extremely preterm. All these school-age studies found that alterations to the brain mediated the relationship between pain-related stress and poorer cognition and behavior.
Limbic System
The limbic system comprises the amygdala, basal ganglia, hippocampus, and thalamus, and is involved in learning, spatial orientation, emotion, memory, and sensory and pain processing (Verriotis et al. 2016). Limited evidence suggests that the amygdala, cerebellar cortex, and mediodorsal nucleus of the thalamus begin to develop at 10–13 weeks’ gestation, and that the hippocampus, striatum, and motor cortex develop at 16–19 weeks’ gestation, while synaptogenesis is believed to start in the amygdala between 20 and 36 weeks’ gestation (Sedmak et al. 2015; Ulfig et al. 2003). Similarly, thalamic inputs begin to reach the somatosensory cortex around 24 weeks’ gestation, whereas the capacity to integrate somatosensory information develops over the third trimester in tandem with prefrontal and temporal cortical development (Alcauter et al. 2014; Verriotis et al. 2016). Children born very preterm display altered maturation of the limbic system, with these changes in turn associated with poorer cognitive and behavioral outcomes (Lean et al. 2017; Rogers et al. 2017). There is evidence that higher exposure to neonatal pain-related stress adversely affects the limbic system, and that these effects are in turn associated with poorer learning and behavior (Chau et al. 2019b).
The thalamus is a hub that relays sensory input, including tactile and nociceptive signals, from the periphery through the spinal cord, and eventually via thalamocortical connections to the cortex. Therefore, higher exposure to neonatal pain-related stress in very preterm infants is expected to be related to altered growth of the thalamus and development of thalamocortical structure and neural activity. Early procedural pain appears to be associated with loss of thalamic volume in somatosensory regions, microstructural changes in thalamocortical pathways, and reduced thalamic metabolic growth in infants born extremely preterm who underwent neuroimaging at 32 and again at 40 weeks postmenstrual age (Duerden et al. 2018). These alterations in thalamic growth were also associated with poorer cognitive and motor outcomes at 3 years corrected age. Similarly, a recent study reported that neonatal pain exposure was associated with decreased functional connectivity between the thalamus and bilateral somatosensory cortex as well as between the right insular cortex and ipsilateral amygdala and hippocampus, and that decreased functional connectivity of the right thalamocortical pathway was associated with poorer motor development at age 2 years (Tortora et al. 2019). Moreover, on MRI at age 8 years, greater exposure to neonatal invasive procedures has been associated with smaller fornix, thalamus, globus pallidus, striatum, amygdaloid complex, fimbria, subiculum, CA4, and dentate gyrus volumes (Chau et al. 2019b). Importantly, independent of pain-related stress and neonatal clinical factors, more surgeries in the neonatal period were likewise associated with decreased specific regional volumes. However, it is unknown which factors related to surgery, such as post-surgical pain, anesthesia, or the reason for surgery, help to explain this association.
The thalamocortical pathway underlies oscillatory activity in the brain, which is central to sensory perception, information processing, motor coordination, cognition, sleep, and memory consolidation (Doesburg et al. 2011b). Disrupted oscillatory synchrony has been observed in ADHD, autism, and schizophrenia (Murias et al. 2007). Very preterm children at school age show differing background cortical rhythmicity compared to children born at term (Doesburg et al. 2013). For example, very preterm children have been shown to have altered long-range synchronization in the alpha frequency range during visual short-term memory retention even with normal intelligence and without major sensory or motor impairment (Doesburg et al. 2011a). These findings suggest that very preterm children may undergo functional reorganization during cortical development that may result in the compensatory recruitment of oscillatory networks and mechanisms during cognitive tasks which differ from those observed in full-term children (Doesburg et al. 2011a). In a later study in the same cohort, among children born extremely preterm (24–28 weeks gestational age), neonatal pain-related stress was associated with altered spectral architecture of spontaneous brain oscillations even after adjustment for neonatal confounders (Doesburg et al. 2013). These alterations were also negatively correlated with visual-perceptual abilities. In this cohort, atypical resting state connectivity was evident in very preterm children (Kozhemiako et al. 2019). Importantly, children born extremely preterm showed hyperconnectivity in low-frequency (theta) oscillations, mainly in the frontal cortex, compared with full-term or very preterm children. In this study, whole-brain theta band connectivity was predicted by neonatal factors including pain-related stress and was in turn related to later difficulties with verbal and visual processing, executive functions, and behavior. Slow-wave activity in the delta and theta bands typically decreases as the brain matures through to puberty, and higher theta band power has been associated with neuropsychiatric pathology (Llinás et al. 2005). Disruptions in neurophysiological networks may therefore mediate the relationship between neonatal pain-related stress and later adverse developmental outcomes, particularly in infants born extremely preterm before thalamocortical connections have begun to be established.
Corticospinal Tract, Cerebellum, and Cortical Thickness
The corticospinal tract is the primary white matter voluntary motor control pathway (Welniarz et al. 2017). To our knowledge, only one study has been conducted to date to assess the relationship between neonatal pain exposure and corticospinal tract maturation. In this study, the change in mean diffusivity and fractional anisotropy to index maturation of the corticospinal tract was measured in very preterm infants early in life and again at term-equivalent age with diffusion tensor imaging (DTI) tractography (Zwicker et al. 2013). Neonatal pain-related stress and infection were associated with poorer microstructural development of the corticospinal tract even after adjustment for morphine exposure and clinical factors related to prematurity (Zwicker et al. 2013). In the context of evidence that neonatal pain-related stress is associated with poorer motor development in infancy, these findings suggest that altered development of the corticospinal tract may be a mediating factor.
The cerebellum is involved in posture and motor control as well as a diverse range of other functions, such as emotional processing, memory, attention, and language (Mariën and Borgatti 2018). Reduced subregional cerebellar volumes have been observed in very preterm children at age 7 years in association with increased neonatal procedural pain-related stress, and these volume reductions have in turn been linked with poorer verbal comprehension, visual perception, and perceptual reasoning (Ranger et al. 2015). Decreased cerebellar volume and associations with executive functioning and attentional difficulties have also been reported in other cohorts of preterm children (Arhan et al. 2017), with additional reported risk factors for reduced cerebellar growth including dexamethasone or morphine exposure, intracranial hemorrhage, and duration of oxygen support (Bouyssi-Kobar et al. 2016; Zwicker et al. 2016).
Cortical growth is believed to be altered in preterm infants due to damage to white matter tracts and subcortical structures during a period of brain maturation typically characterized by major axonal development. Evidence suggests that very preterm infants may have decreased cortical thickness compared with term-born infants, and that differences in cortical thickness may be associated with poorer cognitive functioning, including visual-motor processing, memory, executive functioning, and language (Kostović Srzentić et al. 2019; Nam et al. 2015). However, to our knowledge, only one study has assessed the potential association between neonatal pain-related stress and cortical thickness in very preterm children. This study found that greater neonatal pain-related stress was associated with decreased cortical thickness at age 7 years, especially in the frontal and parietal lobes, even after adjustment for covariates (Ranger et al. 2013).
Cortisol
Cortisol, the primary stress hormone in humans, is involved in a wide range of processes, including immune response, metabolism, and oxidative stress, as well as cognitive and emotional functions such as memory, learning, mood, and emotion. In response to acute stress, the hypothalamic-pituitary-adrenal (HPA) axis rapidly synthesizes adrenocorticotropic hormone (ACTH), which in turn triggers the rapid release of cortisol, with cortisol levels peaking approximately 15–20 minutes after the initial stressor occurs (Russell and Lightman 2019). Increased cortisol bioavailability in conditions of acute stress is partially adaptive in that it increases blood flow to the brain and musculature, promotes gluconeogenesis, inhibits insulin synthesis, and improves decision-making, cognitive function, and alertness. However, in the short-term, chronic exposure to abnormally high levels of cortisol can result in numerous adverse long-term effects. For example, chronically high cortisol levels have been implicated in mood disorders, posttraumatic stress disorder (PTSD), and immune dysfunction (Cole et al. 2019). Conversely, high chronic stress can result in decreased sensitivity to glucocorticoid feedback, as seen in PTSD.
Cortisol also plays an important role in fetal development, stimulating respiratory, renal, gastrointestinal, and neural development during late gestation (Cole et al. 2019). Preterm infants with a higher allostatic load are at increased risk of intraventricular hemorrhage, bronchopulmonary dysplasia, retinopathy of prematurity, and necrotizing enterocolitis (Moore et al. 2014). During the NICU stay, preterm infants have lower cortisol levels than expected given their stress, partially due to illness (Ng 2008). In an early study of preterm neonates assessed in the NICU at 32 weeks postconceptional age, Grunau et al. found that higher cumulative neonatal procedural pain-related stress was associated with lower cortisol responses to stress and lower facial reactivity to pain in infants born before 28 weeks gestation, regardless of early illness severity or morphine exposure (Grunau et al. 2005). These results suggest that repeated neonatal procedural pain can result in down-regulation of the HPA axis despite attempts to ameliorate infant pain using morphine.
Predictably, the association between stress exposure and cortisol reactivity in preterm infants appears to differ by gestational age and stressor. For example, in a cohort of 80 infants, although there were no significant differences in baseline or stress ACTH or cortisol levels between extremely preterm and very preterm infants tested at 32 weeks’ postconceptional age, extremely preterm infants demonstrated a significantly more disorganized stress response to clustered care compared with very preterm infants (Holsti et al. 2007). A study measuring skin cortisol in the first 6 weeks of life recently reported that while stress exposure and cortisol levels were inversely associated in infants born at <28 weeks’ gestational age, they were positively associated in infants born at ≥28 weeks (D’Agata et al. 2019).
Lower cortisol levels persist after hospital discharge in the early months of life. Several studies have consistently shown lower cortisol levels at age 3–4 months in infants born very preterm compared to full-term infants. Grunau et al. found that very preterm infants had lower baseline cortisol levels compared to full-term infants at 3 months (Grunau et al. 2007), and less reactivity to immunization at 4 months corrected age (Grunau et al. 2010). In another study of immunization, Mehler et al. found that very preterm infants showed the lowest behavioral and physiologic reactivity compared to late preterm and full-term infants, and further found that exposure to neonatal pain and stress was associated with lower cortisol reactivity at age 3 months (Mehler et al. 2015). Similarly, Provenzi et al. found that very preterm infants had blunted salivary cortisol reactivity to the still-face paradigm at age 3 months corrected, and that higher exposure to skin-breaking procedures predicted this blunted response even after adjustment for covariates (Provenzi et al. 2016).
Age 3 to 6 months is a period of reorganization in multiple physiological and behavioral systems, such as sleep/wake states, cry patterns, and the emergence of cyclical diurnal rhythm in cortisol. However, factors underlying this shift in cortisol levels remain unclear. Grunau et al. found that while very preterm and term-born infants showed a decrease in cortisol levels in response to the introduction of novel toys at 8 months corrected age, extremely preterm infants had higher cortisol levels in response to this stimulus (Grunau et al. 2004). In addition, more neonatal skin-breaking procedures were associated with higher basal and stress reactivity cortisol levels in the total preterm group. Moreover, in this prospective longitudinal study, Grunau et al. found a shift from low cortisol levels at 3 months corrected age to higher baseline cortisol at 8 and 18 months in extremely preterm infants compared to more mature preterm and full-term infants (Grunau et al. 2007). At 18 months, this group further demonstrated that extremely preterm children had significantly higher pretest salivary cortisol levels than either very preterm or term-born children, and that these cortisol levels dropped more precipitously in response to cognitive challenge than in either of the other two groups (Brummelte et al. 2011). Unlike in very preterm or full-term children, there was no subsequent posttest increase in salivary cortisol in extremely preterm infants. Higher cortisol levels in these children were also associated with less optimal child and maternal interactive behavior and more child internalizing behavioral problems.
At school age, another shift appears to take place, since a series of studies from different groups has now shown lower baseline levels and blunted reactivity of cortisol after school entry continuing into adulthood. In a cohort of very preterm and term-born children at age 7 years, chronic cortisol levels (measured in hair) were lower in preterm compared to term-born children; however, greater neonatal pain was associated with lower hair cortisol only in very preterm boys at this age (Grunau et al. 2013). In the same cohort, higher neonatal procedural pain-related stress was associated with lower salivary cortisol during a laboratory visit for cognitive and executive functioning assessment and with lower diurnal salivary cortisol at home, even after adjustment for neonatal clinical factors and morphine exposure (Brummelte et al. 2015). When the preterm group was separated by sex, this effect of NICU pain-related stress was observed only in boys, while higher cortisol levels in girls were more closely associated with greater maternal anxiety and depressive symptoms. Moreover, significant associations between lower cortisol levels and attention problems and higher cortisol levels and thought problems were found only in preterm boys. In another study at age 7–12 years, Maurer et al. measured salivary cortisol at awakening and at 10, 20, and 30 minutes after awakening as well as hair cortisol and cortisone to assess cumulative endocrine activity (Maurer et al. 2016). They found that very preterm-born children showed significantly lower cortisol levels at awakening, overall post-awakening cortisol secretion, and hair cortisone. The results of both these studies are consistent with findings from Watterberg et al. of blunted morning cortisol in preterm-born children at age 6 years in a relatively large cohort (Watterberg et al. 2019). Finally, in a rare study of cortisol levels in adults born preterm, Kaseva et al. found that preterm-born adults had significantly lower plasma cortisol responses to a social stress test compared to full-term-born adults even after adjustment for a range of covariates (Kaseva et al. 2014). Therefore, very preterm school-age children, adolescents, and adults appear to have a blunted HPA axis response to stress, which is consistent with evidence that chronic negative feedback regulation of the HPA axis can occur in response to chronic stress (Moore et al. 2014). Blunted morning cortisol has also been observed in individuals exposed to early life adversity, including institutionalization (Leneman et al. 2018), foster care (Koss et al. 2016), and abuse and neglect (Kuras et al. 2017).
In summary, starting at school-age, children and adolescents born very preterm generally demonstrate lower cortisol levels and more blunted morning cortisol than their term-born peers. Cortisol levels are also low in early infancy in this vulnerable population, and exposure to more procedural pain-related stress is linked to reduced reactivity to a variety of commonly employed stressors, including the still-face paradigm and immunization, even after the inclusion of potential confounding clinical factors related to prematurity. A period of higher baseline cortisol in late infancy is apparent, but little is known about the changes from early childhood to school entry. The downregulation of cortisol seen at school-age and beyond may reflect chronic stress due to social and academic difficulties. Although these differences may vary by gestational age at birth and type of stressors experienced after NICU discharge, they persist at school age and into adulthood and may be particularly acute in boys and men born very preterm. Moreover, evidence of a relationship between neonatal pain-related stress and cortisol levels is apparent across childhood. This underscores the importance of neonatal pain-related stress exposure on long-term HPA axis functioning in individuals born preterm, and has broad implications for their socioemotional, cognitive, and physical health outcomes.
Neurodevelopmental Outcomes
Infancy and Early Childhood
An early study by Grunau et al. established that pain-related stress in the NICU was associated with poorer cognitive and motor development at 8 and 18 months corrected age, independent of clinical confounders related to prematurity (Grunau et al. 2009). Others have found that higher exposure to pain-related stress in the NICU also appears to be associated with adverse neonatal neurobehavioral outcomes, including stress/abstinence, alertness, orientation, and habituation (Cong et al. 2017), and with poorer neurodevelopment at 1 year corrected age even after adjustment for covariates (Morag et al. 2017). Recently, these relationships were further confirmed by Coviello et al., who showed that more invasive procedures in the first 4 weeks of life in preterm infants were associated with poorer cognitive development at 6 months corrected in very and extremely preterm infants and at 12 months corrected in extremely preterm infants (Coviello et al. 2018). Moreover, Gaspardo et al. recently reported that higher pain-related stress in the NICU, low toddler effortful control, and high maternal positive affect were each independently predictive of attention problems even after adjustment for sex, length of NICU stay, and age in very preterm-born children at 18–36 months (Gaspardo et al. 2018). Importantly, high pain-related stress was not associated with externalizing behavioral difficulties. The children in this study underwent an average of 67 painful procedures over an average of 23 days in the NICU and 54 total days in hospital.
School Age
In a series of prospective longitudinal studies by Grunau and colleagues, higher neonatal pain-related stress exposure has been demonstrated to be associated with poorer behavioral, cognitive, and visual-motor function at age 7–8 years even after accounting for clinical confounders. Higher total behavior problems (Chau et al. 2014), lower IQ (Vinall et al. 2014), poorer perceptual reasoning, and visual perception have all been related to early pain-related stress in this vulnerable population (Chau et al. 2019b). These associations appear to be mediated by thinner cortical gray matter primarily in the frontal and parietal lobes (Chau et al. 2014), reduced cerebellar volumes in the posterior VIIIA and VIIIB lobules (Ranger et al. 2015), decreased amygdala and thalamus volumes (Chau et al. 2019b), and altered thalamocortical integrity evidenced in oscillatory activity reflecting altered brain connectivity (Doesburg et al. 2013; Kozhemiako et al. 2019). Importantly, more exposure to surgeries in the neonatal period is also associated with poorer outcomes, including verbal comprehension and motor coordination, and these associations are mediated by decreased hippocampal volume (Chau et al. 2019b). The effect of surgery appears to be independent of other known clinical risk factors such as infection, and may reflect underlying medical issues that lead to the need for surgery, periods of hypoxia during surgery, post-surgical pain, or side effects of anesthesia. Specific causal mechanisms underlying this association remain to be unraveled.
Genetic Variation
Childhood outcomes following NICU hospitalization vary widely between individuals. Genetic differences and the early stressful NICU environment may interact through genetic susceptibility and epigenetic changes to affect long-term outcomes. Studies have shown that NICU stress interacts with natural genetic variations to affect vulnerability and resilience to early pain/stress exposure in children born very preterm. Some potential candidate genes involved in the stress response system are discussed in the sections that follow.
COMT (Catechol-O-methyltransferase)
The COMT gene encodes an enzyme responsible for the metabolism of catecholamines, including epinephrine, norepinephrine, serotonin, and dopamine (Dauvilliers et al. 2015). COMT has been implicated in neuropsychiatric disorders, cognition, aggression, mood and sleep regulation, neurodegeneration, pain perception, impulsivity, and addiction, as well as cancer and cardiovascular disease (Bastos et al. 2017; Qayyum et al. 2015). Environmental factors such as stress, physical activity, and childhood adversity can result in epigenetic downregulation of COMT, which can in turn affect cognition, dopamine levels in the prefrontal cortex, and schizophrenic symptoms (Diwadkar et al. 2014; Green et al. 2014). The Val158 polymorphism (rs4680) reduces enzymatic activity when in homozygosity for the Met allele, with the Val/Val, Val/Met, and Met/Met genotypes being associated with progressively reduced enzymatic activity (Bastos et al. 2017). The Val158Met polymorphism has been associated with altered prefrontal cortex structure and function and with increased risk or severity of schizophrenia (González-Castro et al. 2016), anxiety (Fernández-de-Las-Peñas et al. 2018), bipolar disorder (Lee et al. 2013), depression (Fernández-de-Las-Peñas et al. 2018), PTSD (Danzi and La Greca 2018), and ADHD (Millenet et al. 2018).
Despite evidence linking low COMT activity with increased pain perception and pain-related disorders (Perry et al. 2019), associations between neonatal pain exposure and COMT expression in very preterm infants and children is a relatively nascent area of study. In a cohort of very preterm children who had MRI at age 8 years, Grunau and colleagues found that more neonatal invasive procedures and earlier gestational age were associated with smaller right hippocampal volumes in children with the COMT 158Met/Met minor allele (Chau et al. 2019b). In a subsequent study from the same group, more externalizing behavior at 18 months corrected age was predicted by higher neonatal morphine exposure in very preterm children with the COMT Val158 Met/Met genotype (Chau et al. 2019a), and decreased opioid-induced pain relief has been observed in preterm intubated infants with the COMT Val/Val alleles compared with the Val/Met or Met/Met alleles (Elens et al. 2016). Both studies highlighted the potential importance of the COMT Val158Met polymorphism as a biomarker for personalized medicine. However, more research is required to elucidate potential associations between COMT gene function and neonatal pain in preterm infants.
FKBP5 (FK506 Binding Protein 5)
Following glucocorticoid receptor activation with cortisol during conditions of stress, the FKBP5 gene encodes the FK506 binding protein 5, which regulates the stress response by decreasing subsequent glucocorticoid receptor sensitivity to cortisol binding (D’Agata et al. 2017). FKBP5 minor allele polymorphisms have been implicated in HPA axis dysfunction and PTSD (Mehta et al. 2011), and may moderate the relationship between childhood adversity and depression or PTSD (Wang et al. 2018). To our knowledge, however, only one study has assessed FKBP5 in preterm infants in relation to pain-related stress to date. In a cohort of preterm infants who underwent an average of 43 stressful exposures per day across 56 days, D’Agata et al. found that NICU-related stress and FKBP5 genotype were each independently associated with poorer neurobehavioral outcomes, and that there was a significant gene × environment interaction between the minor allele genotype and NICU-related stress, and both nonoptimal reflexes and increased autonomic stress response (D’Agata et al. 2017). FKBP5 may therefore represent an opportunity for future research.
NFKBIA (NF-Kappa-B Inhibitor Alpha)
Nuclear factor-kappa light-chain enhancer of activated B cells (NF-ΚΒ) is a protein involved in cell survival, DNA transcription, and proinflammatory cytokine, chemokine, and leukocyte adhesion molecule production (Cao et al. 2004). The NFKBIA gene encodes the IΚΒα protein, which negatively regulates NF-ΚΒ. Minor allelic variants at rs2233409 and rs3138053 have been linked to decreased expression of the NFKBIA gene and IΚΒα protein, resulting in decreased negative regulation and therefore increased Toll-like receptor-mediated inflammation (Ali et al. 2013). Despite evidence of the importance of this protein in inflammatory responses as well as evidence that early life stress may be associated with NF-ΚΒ dysregulation (Bonizzi and Karin 2004; Niederberger and Geisslinger 2008), to our knowledge, only one study has been conducted to date examining its potential role in the relationship between neonatal pain exposure and HPA axis functioning in very preterm children. Higher neonatal pain was associated with lower hair cortisol in preterm boys, but not girls, with the minor allele for NFKBIA rs2233409 at age 7 years, and the minor allele of NFKBIA rs2233409 was further associated with increased proinflammatory cytokine secretion (Grunau et al. 2013). These findings suggest that the impact of procedural pain-related stress on HPA axis programming persists into school age and may be associated with genetic variation in the major negative regulator of NF-ΚΒ activity in a sex-specific manner, suggesting a role for inflammation in the long-term effects of pain/stress.
NR3C1 (Glucocorticoid Receptor)
The NR3C1 gene encodes glucocorticoid receptors that help to regulate HPA axis activity by way of a negative feedback loop (Jacobson 2005). As described in greater detail in the section of this chapter devoted to cortisol, glucocorticoids are steroid hormones released in response to stress that bind at glucocorticoid receptors, which are highly expressed throughout the cerebral cortex, hippocampus, and amygdala (Lerch et al. 2017). Over time, abnormally high glucocorticoid release can result in dendritic hypertrophy in the amygdala and dendritic atrophy in the hippocampus (Vyas et al. 2002). Greater NR3C1 gene DNA methylation has been observed in association with prenatal depression, anxiety, and stress (Oberlander et al. 2008), and early exposure to parental death, childhood trauma, maltreatment, and disrupted or inadequate parental care (Melas et al. 2013; Tyrka et al. 2012).
The less common NR3C1 haplotype has been associated with early adversity-related reductions in the thickness of the subgenual anterior cingulate cortex (Gupta et al. 2016), an area of the brain involved in emotional arousal, sensory perception, pain modulation, stress response, and neuroendocrine and autonomic function (Drevets et al. 2008). Animal research suggests that chronic stress increases methylation of the NR3C1 promotor in nociceptive L6-S2 dorsal root ganglia neurons that innervate the pelvic organs but not in L4-L5 dorsal root ganglia neurons that innervate the lower extremities, which has implications for the visceral hyperalgesia often observed with chronic stress (Hong et al. 2015). NR3C1 has also been implicated in a variety of illnesses, including fibromyalgia, chronic fatigue, temporomandibular disorders, and acute pain in patients with sickle cell disease (Jhun et al. 2018; Light et al. 2013). Moreover, NR3C1 methylation has been associated with internalizing behavioral problems in children at age 3–5 years, and may mediate the effects of early adversity on later internalizing behavioral problems (Parade et al. 2016).
SLC6A3 (Dopamine Transporter)
Dopamine is a neurotransmitter involved in the regulation of motor function, emotion, cognition, and motivation. Dysfunction in the dopaminergic system has been implicated in schizophrenia, ADHD, mood disorders, and autism spectrum disorder (Campbell et al. 2019). The solute carrier family 6 member 3 (SLC6A3) gene encodes dopamine transporters which, like the serotonin transporters discussed in the previous section, are presynaptic and membrane-bound and regulate the reuptake of dopamine in the synaptic cleft (Campbell et al. 2019).
To our knowledge, SLC6A3 methylation in preterm infants has only been explored in one study. Arpon et al. found that SLC6A3 methylation at 12 months was associated with cognitive and motor development at 24 months in a small cohort of preterm/very low birth weight and term-born children (Arpón et al. 2018). However, these associations were no longer significant after adjustment for gestational age. Unlike SLC6A4 methylation, therefore, SLC6A3 methylation remains almost entirely unexplored as an epigenetic mechanism potentially involved in the adverse effects of pain-related stress on very preterm infants.
BDNF (Brain-derived Neurotrophic Factor)
Brain-derived neurotrophic factor (BDNF) is a neurotrophin expressed throughout the brain and particularly in the prefrontal cortex and hippocampus. BDNF is essential for neuronal development, synaptic plasticity, and cognitive function, and has been implicated in psychiatric pathophysiology (Chau et al. 2017). The BDNF Val66Met (rs6265) polymorphism impacts intracellular processing and secretion of BDNF, with the Met allele coding a precursor protein that decreases BDNF levels (Egan et al. 2001), and thereby affects hippocampal function and episodic memory (Egan et al. 2003). This polymorphism has been associated with affective disorders (González-Castro et al. 2019), schizophrenia (Schweiger et al. 2019), and Alzheimer’s disease (Lim et al. 2017). Many studies have also established that early physical and psychological stress is associated with decreased BDNF availability (Park et al. 2019).
More recently, there is preliminary evidence that pain-related stress in the neonatal period may be associated with altered cortisol reactivity and adverse developmental outcomes in children with the BDNF Val66Met polymorphism. In a cohort of 90 very preterm children at age 7 years, Grunau and colleagues found that greater exposure to neonatal pain-related stress was associated with lower hair cortisol and increased salivary cortisol reactivity in boys with the Met allele, and that higher salivary cortisol reactivity was associated with lower IQ and poorer visual-motor integration in both boys and girls (Chau et al. 2017). Interestingly, at age 8 years, among very preterm children with a BDNF Val66Met major allele, neonatal infection was associated with larger right hippocampal subregional volumes, while more surgeries were associated with smaller right hippocampal subregional volumes (Chau et al. 2019b). These associations were in turn related to poorer cognition and behavior. Further research is needed to clarify the potential role of the BDNF Val66Met variant on associations between neonatal pain-related stress, brain development, later stress reactivity, and outcomes in very preterm children.
Epigenetic Changes
The term “epigenetics” refers to alterations in chromatin and gene expression that alter the phenotype by way of DNA methylation, noncoding RNAs (ncRNAs), histone modification, or changes in prion activity rather than alterations in the DNA sequence (Harvey et al. 2018). DNA methylation is a chemical modification of DNA through the addition of a methyl group to cytosine by DNA methyltransferases. Many factors can trigger these changes, including early life adversity, stress, socioeconomic status, and nutrition (Abdul et al. 2017; Matboli et al. 2018). Such changes have also been associated with chronic pain and stress, as well as depression and other mood disorders (Aroke et al. 2019). Epigenetic alterations, therefore, represent a potentially rich direction of research into the impact of neonatal pain-related stress exposure on preterm infants. The nuclear receptor subfamily group C member 1 (NR3C1) gene, solute carrier family 6 member 4 (SLC6A4) genes, and telomere length have all been the subjects of recent epigenetic research, and are reviewed in greater detail in the sections that follow.
NR3C1 Methylation
Research into NR3C1 methylation in relation to outcomes of preterm birth is extremely limited. Increased methylation has been associated with more negative neonatal neurobehavior in preterm infants, including poor self-regulation, increased arousal and excitability, decreased quality of movement, and significant signs of stress (Lester et al. 2015). In a cohort of 20 preterm and 20 term infants, Kantake et al. found that while methylation of the glucocorticoid receptor gene promotor remained stable in term infants over the first 4 days of life, it significantly increased between postnatal days 0 and 4 in preterm infants, and methylation was significantly higher on day 4 in preterm infants compared to term infants (Kantake et al. 2014). Regarding potential associations between neonatal pain/stress and NR3C1 methylation in preterm infants, Kantake et al. found that NICU admission was significantly associated with increased methylation at CpG sites 8 and 10 (Kantake et al. 2014), and a subsequent study by this group demonstrated that frequent heel pricks in the NICU were associated with increased NR3C1 gene DNA methylation at age 1 month in very preterm infants with chronic lung disease (Kantake et al. 2018). Giarraputo et al. compared “high-risk” and “low-risk” preterm infants born <1500 g, with risk defined by variables such as birth weight, gestational age, bronchopulmonary dysplasia, and invasive procedures, and found that “high-risk” preterm infants had lower methylation at CpG site 1 (Giarraputo et al. 2017). The authors speculate that the decreased methylation observed at this site may suggest that infants at higher medical risk and faced with more invasive procedures may have increased glucocorticoid receptor expression and therefore increased feedback suppression of adrenocorticotropic hormone release in response to circulating cortisol, resulting in a less responsive HPA axis.
SLC6A4 Methylation
5-Hydroxytryptamine (5-HT), or serotonin, is a neurotransmitter synthesized by lymphocytes, serotonergic neurons in the hypothalamus, raphe nuclei, and myenteric plexus, and enterochromaffin cells in the digestive tract (Iurescia et al. 2017). Serotonin is involved in a wide variety of processes, including emotion, mood, memory, sleep, HPA axis function, platelet coagulation, immune response, and gastrointestinal and cardiovascular function (Iurescia et al. 2017; Palma-Gudiel and Fañanás 2017). Due in part to its role in the etiology of mood disorders such as depression and anxiety and its corresponding value as a target of pharmacotherapies, namely selective serotonin reuptake inhibitors (SSRIs), extensive research attention has been focused on serotonin, its transporter, and the gene that encodes its transporter.
The solute carrier family 6 member 4 (SLC6A4) gene encodes presynaptic, membrane-bound serotonin transporters (5-HTT or SERT), which serve as a feedback mechanism for the regulation of intrasynaptic serotonin concentrations by returning 5-HT in the synaptic cleft back to the presynaptic neuron that released it (Canli and Lesch 2007). The 5-HTT-gene-linked polymorphic region (5-HTTLPR) is a repetitive sequence in the upstream transcriptional control region of the 5-HTT protein that regulates SLC6A4 transcriptional activity (Montirosso et al. 2016a). In comparison with the long (l) allelic variant of 5-HTTLPR, the short (s) allelic variant is associated with decreased serotonin transporter transcription, greater stress reactivity and socioemotional dysregulation, and adverse reactions to treatment with SSRIs (Auerbach et al. 2001; Montirosso et al. 2015; Pluess et al. 2011; Zhu et al. 2017), with possible sex differences (Gressier et al. 2016). Higher methylation of the SLC6A4 gene decreases expression of serotonin transporters (Palma-Gudiel and Fañanás 2017), and has been widely reported in individuals exposed to maternal prenatal stress, childhood trauma, physical and/or sexual abuse, bullying, low socioeconomic status, chronic stress, and high-stress work environments (Iurescia et al. 2017; Palma-Gudiel and Fañanás 2017). This increased methylation can decrease mRNA transcription and suppress transcriptional activity, and is associated with decreased serotonin availability in the orbitofrontal cortex, increased threat-related amygdaloid reactivity, decreased hippocampal gray matter volume, and increased risk and severity of depression, anxiety, schizophrenia, bipolar disorder, and antisocial personality disorder (Iurescia et al. 2017; Palma-Gudiel and Fañanás 2017).
A series of studies provides interesting insights into the role of SLC6A4 methylation in the impact of early pain-related stress on preterm infants. In the first of these studies, Grunau and colleagues found that very preterm children had significantly higher methylation at 7 of 10 examined cytosine-guanosine dinucleotide pairs (CpG) sites in the SLC6A4 promotor compared to term-born children at age 7 years, and that higher SLC6A4 methylation was associated with more behavior difficulties in very preterm children (Chau et al. 2014). Furthermore, neonatal pain/stress was associated with lower SLC6A4 promoter methylation in very preterm children with the COMT Met/Met genotype, even after adjustment for covariates. A limitation of this study was that methylation was not measured at birth, only at age 7 years.
Importantly, Provenzi et al. in a prospective cohort of very preterm and full-term infants found no differences in methylation of 20 SLC6A4 CpG sites between very preterm and term infants at birth. In this study, very preterm infants exposed to more skin-breaking procedures had significantly increased methylation at CpG sites 5 and 6 at NICU discharge (Provenzi et al. 2015). This more convincingly established that differences in methylation at later ages might indeed be linked to effects of early pain/stress, rather than preterm birth per se. A subsequent study by this group similarly found that baseline SLC6A4 DNA methylation was again not significantly different between the groups, but that very preterm infants had significantly higher methylation at CpG sites 5 and 7 at NICU discharge (Montirosso et al. 2016a). Surprisingly, however, this increase was not associated with the length of hospitalization. Higher SLC6A4 methylation at CpG site 5 but not site 7 was also associated with less sustained attention and a slow inhibited approach in very preterm infants measured at corrected age 3 months.
This group also assessed associations among SLC6A4 methylation, neonatal intensive care, and socioemotional stress response in a small cohort of very preterm and term-born infants (Montirosso et al. 2016b). In this study, more skin-breaking procedures were significantly correlated with increased methylation at CpG sites 2 and 5, and very preterm infants at NICU discharge had higher methylation at CpG sites 4, 5, and 16 and lower methylation at CpG sites 18 and 20 compared to full-term infants at birth. Compared to their own baseline levels at birth, very preterm infants were found to have increased methylation at CpG sites 2, 5, and 16 and decreased methylation at CpG site 20 at NICU discharge. Furthermore, very preterm infants exhibited more negative emotionality during a still-face paradigm at corrected age 3 months compared to term-born peers. This greater negative emotionality was also positively associated with the number of skin-breaking procedures during NICU hospitalization, and with lower methylation at CpG site 16 and higher methylation at CpG site 2 at discharge. Unfortunately, further work by this group suggests that while maternal sensitivity can moderate the effects of SLC6A4 methylation on negative emotionality in full-term infants, the same may not hold true for very preterm infants (Provenzi et al. 2017).
NICU-related stress was further found to be associated with increased SLC6A4 methylation at CpG site 2 at discharge, and increased SLC6A4 methylation at CpG site 2 was associated with decreased anterior temporal lobe volume at term-equivalent age in very preterm infants (Fumagalli et al. 2018). The anterior temporal lobe contains the amygdala and anterior hippocampus and is implicated in socioemotional functioning and emotional regulation (Wong and Gallate 2012). Preterm infants have been reported to have decreased anterior temporal lobe volume relative to term-born infants (Gousias et al. 2012). As hypothesized, therefore, this anterior temporal lobe volume reduction was in turn associated with poorer personal-social development at age 12 months corrected (Fumagalli et al. 2018). Most recently, Provenzi et al. reported that SLC6A4 methylation at CpG sites 5 and 9 at NICU discharge predicted increased anger in response to emotional stress in very preterm-born children at age 4.5 years after controlling for neonatal clinical factors, adverse life events, and SLC6A4 methylation at birth (Provenzi et al. 2019a). Taken together, these findings suggest that methylation of the SLC6A4 gene may differ between preterm and term infants and may be affected by the pain-related stress exposure among preterm infants during NICU care, and that this increased, site-specific methylation may in turn impact socioemotional and brain development.
Telomere Length
Telomeres are nucleoprotein structures located at the end of each chromosome arm (Koliada et al. 2015). They prevent both inappropriate DNA repair due to chromosome fusion and gene degradation at the ends of chromosome arms due to incomplete DNA replication (Turner et al. 2019). Telomeres decrease in length with each cell division, with the rate of this division set at birth, until the cell is no longer able to proliferate and either enters senescence or apoptosis. This attrition is temporarily attenuated in some cells by telomerase and homologous recombination-mediated alternative lengthening of telomeres (Turner et al. 2019). Aging of tissues and organisms is thought to result from the accumulation of these senescent cells. Recent studies suggest mechanisms of telomere length-dependent regulation of DNA replication and gene transcription.
To date, factors associated with shorter telomere length include older age, increased psychosocial stress, male sex, decreased physical activity, major depressive disorder, PTSD, cardiovascular disease, type II diabetes, dementia, cancer, obesity, smoking, and alcohol abuse (Arsenis et al. 2017; Li et al. 2017b; Mayer et al. 2019; Turner et al. 2019). Some of these associations are believed to occur in part due to chronic inflammation, mitochondrial dysfunction, and increased oxidative stress (Turner et al. 2019). Maternal prenatal stress, obesity, sleep apnea, inadequate nutrition, pro-inflammatory state, lower estriol levels, and obstetric complications have also each been associated with shorter leukocyte telomere length in newborns (Bosquet Enlow et al. 2018; de Punder et al. 2019; Entringer et al. 2015a; Entringer et al. 2015b; Entringer et al. 2013; Lazarides et al. 2019; Send et al. 2017; Werlang et al. 2019), and maternal prenatal stress has been associated with shorter subsequent leukocyte telomere length in offspring in young adulthood (Entringer et al. 2011). Moreover, early exposure to social deprivation (Drury et al. 2012), separation (Li et al. 2017a), or abuse (Boeck et al. 2018) has been linked with subsequently shorter telomere length.
Evidence of associations between telomere length and preterm birth is relatively limited, and findings vary, possibly due to small sample sizes. Holmes et al. collected peripheral fetal venous blood with ultrasound-guided cordocentesis before intrauterine transfusion at 23 to 36 weeks gestation, as well as umbilical cord blood samples at delivery, from fetuses affected by alloimmune hemolytic anemia or neonatal/fetal alloimmune thrombocytopenia (infants before term in utero) (Holmes et al. 2009). They also collected venous or capillary blood from clinically stable preterm infants matched for gestational age during regular blood tests during neonatal care (preterm infants ex utero). While infants in utero showed increasing mean telomere length, preterm infants ex utero had consistent telomere length attrition across the study period. Preterm infants born with intact membranes also appeared to have longer telomeres than preterm infants with premature rupture of the membranes (Ferrari et al. 2016; Menon et al. 2012). Furthermore, Vasu et al. found that very preterm infants had significantly longer telomere lengths at birth and at term-equivalent age compared to full-term infants, and telomere length was negatively correlated with both gestational age and birth weight (Vasu et al. 2017). These findings are partly in agreement with those of Friedrich et al., who reported a rapid decline in telomere length from 27 to 32 gestational weeks, and found longer telomere length in very low birth weight preterm infants compared with low birth weight infants; however, this study found no significant difference in telomere length between preterm and full-term infants (Friedrich et al. 2001).
Preliminary evidence suggests that telomere length is negatively affected by neonatal pain-related stress in very preterm infants. Provenzi et al. assessed leukocyte telomere length at birth from the cord blood of very preterm and full-term infants, and at NICU discharge from the peripheral blood of very preterm infants, in relation to NICU-related stress quantified by the number of skin-breaking procedures throughout NICU care (Provenzi et al. 2018). Very preterm infants had significantly longer telomeres compared with their full-term peers, and although telomere length decreased in very preterm infants by discharge, this decrease was not significant. However, greater exposure to NICU-related stress was significantly associated with telomere erosion, and the change in telomere length from birth to discharge was significant for infants exposed to high levels of NICU-related stress and not for infants exposed to low levels of NICU-related stress. Furthermore, in a smaller cohort of very preterm infants at 3 months corrected age, this group demonstrated that a greater loss of telomere length between birth and discharge was associated with reduced salivary cortisol reactivity to the still-face procedure (Provenzi et al. 2019b).
Taken together, these findings suggest that while preterm infants may be born with longer telomeres than their term counterparts, pain-related stress in the NICU can accelerate telomere attrition in a dose-dependent manner in these infants and may result in dysregulation of the HPA axis response to socioemotional stress. It has been hypothesized that term infants may be born with shorter telomeres as a result of a period of growth in the final weeks of gestation that is characterized by high cell turnover and replicative stress not experienced by preterm infants (Ferrari et al. 2016; Vasu et al. 2017). However, the increased telomere attrition observed following frequent pain-related stress exposure over the course of weeks or months in neonatal intensive care during what would more typically have been the final weeks of gestational development echoes evidence that early childhood stress and adversity may reduce telomere length.
Sleep Architecture
Development of Sleep Architecture
Sleep can be categorized into quiet, active, or transitional/indeterminate states. Quiet sleep is characterized by closed eyes, an absence of eye or bodily motion, regular breathing, and slow EEG waves, while active sleep typically involves irregular breathing, bodily movements, and low voltage EEG (Barbeau and Weiss 2017). Transitional/indeterminate sleep includes aspects of both quiet and active sleep states, and may be characterized by slow eye movements or opening and closing of the eyes, regular breathing, gentle startle responses, grimacing, and occasional sucking and vocalizations (Barbeau and Weiss 2017).
Immature sleep state differentiation begins to appear as early as 20–28 weeks’ gestation, and organization into a more coherent sleep/wake cycling starts to emerge around 28–32 weeks’ gestation (Curzi-Dascalova et al. 1993; Dereymaeker et al. 2017). After 36 weeks, neonatal sleep is more clearly organized into four stages, involving two periods of quiet sleep and two periods of active sleep (Dereymaeker et al. 2017). As infants grow older, quiet sleep and the sleep interval tend to increase and active sleep and transitional/indeterminate sleep tend to decrease, but the proportion of active sleep spent in rapid eye movement (REM) sleep increases (Barbeau and Weiss 2017; Dereymaeker et al. 2017). Sleep architecture can be measured relatively noninvasively using behavioral state classification, polysomnography, EEG, and actigraphy (Barbeau and Weiss 2017).
Effects of Prematurity
To date, evidence of associations between preterm birth and sleep difficulties remains equivocal. A large, early study of very preterm, more mature preterm, and full-term infants admitted to the NICU, and healthy full-term infants examined sleep over the first 5 years of life. They found fewer and shorter nocturnal awakenings in preterm infants at 5 months, fewer nocturnal awakenings at 20 months, and no differences in sleep at 56 months compared to healthy term infants (Wolke et al. 1995). Scher et al. found that very preterm infants had significantly lower alpha and beta spectral values in all sleep state segments, lower theta values during quiet sleep, and lower delta values for all sleep stages except trace-alternant quiet sleep (Scher et al. 1994). Another small study found that preterm infants had an earlier emergence of the 24-hour sleep-wake cycle than term infants, with lower nocturnal activity and longer consolidated sleep between 12 pm and 6 am at ages 5, 11, and 12 weeks corrected (Guyer et al. 2015). At 12 months corrected, preterm infants have been reported to have significantly shorter nocturnal sleep duration and less restful nocturnal sleep than term infants, but no differences in total or daytime sleep duration, night awakenings, or sleep efficiency (Asaka and Takada 2010). Parents of preterm infants rate them as having longer nocturnal sleep duration, more nocturnal awakenings, longer daytime sleep duration, more sleep problems, more loud breathing while asleep, and longer time spent crying during the night (Huang et al. 2014).
Male preterm infants may be at increased risk of sleep difficulties, with evidence suggesting they may have less active sleep, may be more drowsy and awake, and may have less defined and more diffuse sleep states compared with female preterm infants (Foreman et al. 2008). However, one recent study of preterm infants in the NICU found that male sex was associated with better sleep/wake patterns (Lan et al. 2019). Sleep also appears to vary between preterm infants with and without neurological impairments such as cerebral palsy and visual and hearing problems, with very preterm infants with neurological impairments reported to have lower total power and nonharmonic power in active sleep compared to very preterm infants without neurological impairments (Thiriez et al. 2015).
Even at school age, former preterm infants may have irregular sleep schedules and shorter sleep duration than recommended (Biggs et al. 2016). A relatively large cohort study of children born extremely preterm or term evaluated at age 11 years demonstrated that extremely preterm children went to bed earlier, had longer sleep onset latency, spent more time in bed, had a longer sleep duration, and had more sleep problems than term-born children (Stangenes et al. 2017). Sleep problems reported by parents of extremely preterm children include difficulties falling asleep, waking up often during the night, and waking up too early, and extremely preterm infants with neurodevelopmental disabilities are reported to have more sleep problems compared with extremely preterm infants without neurodevelopmental disabilities. Comparing preterm small for gestational age (SGA), preterm appropriate for gestational age (AGA), and term AGA children at age 5–12 years, Yiallourou et al. found that preterm SGA children had higher time spent in non-rapid eye movement sleep stage 2 compared to term AGA children and higher total, delta, and alpha power compared to preterm or term AGA children, while preterm AGA children had lower sigma and beta power than preterm SGA or term AGA children and lower total sleep time, percentage of time spent in non-rapid eye movement sleep, and sleep efficiency compared with term AGA children (Yiallourou et al. 2018).
Effects of Pain-Related Stress on Sleep in the Neonatal Period
Neonatal intensive care involves frequent interruptions to infant sleep, with one study reporting 1831 nocturnal nursing interactions in 200 NICU patients over 7 months of hospitalization (Le et al. 2012) and another reporting that even small variations in light can result in frequent awakenings for very preterm infants (Zores et al. 2018). Routine care and procedures in the NICU affect infant sleep, and these awakenings may be accompanied by apnea, hypopnea, and desaturation (Levy et al. 2017). However, in contrast to the evidence available regarding the effects of prematurity on sleep, much less research has been conducted into the specific impact of pain-related stress on sleep during neonatal intensive care.
One study found that the 30-minute periods after nursing interventions showed significantly more quiet sleep and fewer waking episodes compared to the 30 minutes before in medically stable preterm infants at postconceptional age 32 weeks even after adjustment for caffeine and theophylline (Symanski et al. 2002). The duration and frequency of behavioral states in these infants were not affected by the frequency or duration of the interventions. The authors speculate that this improved post-caregiving sleep might reflect significant energy expenditure on the part of infants in response to the stress of intervention, or simply satiety after feeding. Use of heated humidified high flow nasal cannulae compared with nasal continuous positive airway pressure has also been associated with a decreased proportion of time spent asleep, decreased sleep efficiency, and higher mean activity in very preterm infants (Collins et al. 2015). However, a recent study of children born extremely preterm found no significant associations between intubation, mechanical ventilation, postnatal steroids, surgery for patent ductus arteriosus, or extensive medical treatment in the neonatal period and sleep difficulties at age 11 years, including snoring, difficulty falling asleep, frequent awakenings, sleep duration, or daytime sleepiness (Stangenes et al. 2018).
Adverse Effects of Altered Sleep Architecture on Developmental Outcomes
A recent study found that parent-reported nocturnal sleep quality was associated with poorer verbal working memory performance in very preterm children at age 6–7 years even after adjustment for individual differences in processing speed and storage capacity (McCann et al. 2018). This group also found that parent-reported sleep problems adversely affected executive functioning in very preterm children at age 6–9 years, but found no similar association in term-born controls. Closer alignment with a specified 24-hour circadian cycle adjusted for daytime napping at 2 years of age was associated with higher IQ at 3 years of age in preterm children (Schwichtenberg et al. 2016). Curiously, increased average nocturnal activity level at 2 years was associated with higher externalizing and total behavioral difficulties at 3 years and more internalizing behavioral difficulties at 6 years, but fewer teacher-reported symptoms of ADHD at age 6 years. Decreased daytime sleep has been shown to adversely affect mother-infant attachment (Schwichtenberg et al. 2013), and decreased sleep efficiency and nocturnal sleep duration have been associated with increased parenting stress in mothers of preterm infants (Asaka and Takada 2013) (See also Ch.17. Prenatal Stress and Children’s Sleeping Behaviour).
Protective Factors
Considerable research into factors that improve sleep architecture for preterm infants has been conducted. Fortunately, developmental support in the NICU does seem to improve sleep, with studies to date reporting increased total sleep time, increased active sleep, and decreased sleep latency (Bertelle et al. 2005). For example, use of incubator covers appears to improve quiet sleep in stable preterm infants (Hellström-Westas et al. 2001), and kangaroo care has been shown to increase deep sleep and quiet awake/alert state and decrease light sleep or drowsy state and actively awake state compared to in-arms holding (Bastani et al. 2017). Similarly, periods of quiet time with reduced noise, light, and handling may increase total sleep time (Pugliesi et al. 2018), and a randomized trial found that ear protectors were associated with decreased heart and respiratory rate, increased oxygen saturation, more time spent in quiet sleep, and improved light sleep (Khalesi et al. 2017). However, some studies indicate that developmental care does not improve sleep maturity, and report no effect on quiet, active, or indeterminate sleep, arousal, state transitions, or sleep duration (Ariagno et al. 1997).
Pain management strategies differentially impact sleep. Five different combinations of oral sucrose, facilitated tucking, and nonnutritive sucking were each shown to improve quiet sleep frequency and decrease fussing or crying compared to routine care before, during, and after heel stick in preterm infants (Liaw et al. 2013). A similar study with preterm infants on days 6 and 8 after birth found that supportive care with infant state modulation, nonnutritive sucking, facilitated tucking, and oral sucrose during invasive procedures increased sleep efficiency and total sleep duration and decreased sleep latency and awakenings (Lan et al. 2018). In a small study of infants at postconceptional age 28–32 weeks, pain management with oxycodone was shown to decrease REM sleep and increase non-REM sleep at sleep onset compared with placebo, oral glucose, or facilitated tucking by parents (Axelin et al. 2010).
Positioning also appears to have an effect. One study found that compared with prone positioning, supine positioning was associated with more frequent waking states and stress behaviors even after adjustment for environmental stressors in preterm infants (Peng et al. 2014). Similarly, a study of preterm infants observed for 3 days in the NICU found that lateral positioning facilitated quiet and active sleep, and supine positioning decreased the occurrence of transition state (Liaw et al. 2012). Interestingly, artificial ventilation may not modify sleep organization in preterm infants without neurological impairments (Curzi-Dascalova et al. 1993).
Pain and Stress Management
Consideration of pharmacologic and environmental supports to manage pain is a major area which is far beyond the scope of this chapter. While 20 years ago, it was proposed that continuous infusions of morphine might prevent adverse effects of pain, this hope did not materialize, and in fact, unresolved issues remain as to the potential adverse effects of opioids on the neurodevelopment of these fragile infants. On the whole, while morphine is not related to major impairments in these children, it also does not appear to prevent the adverse effects of neonatal pain described in this chapter. Non-pharmacologic (environmental) management has focused on short-term effects. Alleviating pain is important to minimize suffering; however, treatments effective for calming infants behaviorally may not prevent the hidden biological changes that lead to altered brain development.
Several studies suggest that sensitive parenting and parental mental health may at least partially modify the effects of neonatal pain-related stress on infant and early childhood outcomes. For example, although increased pain-related stress in the neonatal period is associated with poorer focused attention during a toy exploration task at 8 months corrected age in very preterm infants, positive maternal interactive behaviors in mothers experiencing low levels of parenting stress appear to ameliorate this relationship (Tu et al. 2007). Likewise, while greater exposure to neonatal pain/stress is associated with more internalizing behavioral problems at age 18 months corrected in very preterm infants, this relationship is modulated by parental sensitivity and non-hostility (Vinall et al. 2013). Furthermore, lower parenting stress was found to mitigate the association between neonatal pain-related stress and negative affectivity at 12 months (Voigt et al. 2013).
Most promising appears to be efforts to involve parents in NICU care, and especially programs that emphasize skin-to-skin contact and educate parents to recognize very preterm infants’ stress cues and teach ways to reduce infant stress. While beyond the scope of this chapter, there is good evidence that parental interventions lead to improved neonatal neurobehavior and increased brain maturation in infancy (Reynolds et al. 2013; Welch et al. 2017). However, the extent to which these potentially positive effects persist to later ages is not yet known (See also Ch.16. The Long-Term Effects of Extremely Low Birth Weight).
Conclusions
Repetitive exposure to the pain-related stress of frequent procedures in the neonatal intensive care unit (NICU) ex utero during a critical period of fetal brain development and stress system programming appears to have long-term and widespread impacts. Alterations in brain development, HPA axis regulation, epigenetic processes, and sleep architecture are some of the potential pathways implicated. Larger studies are needed to comprehensively examine the effects of interacting factors, including genetics, and to address potential sex differences. Although complete elimination of pain-related stress during neonatal intensive care may not be feasible, ameliorating stress and its impact by promoting and supporting parental involvement in NICU care appears to be a promising way to improve the neurodevelopmental outcomes of very preterm infants.
Examining the effects of environmental stress on ex utero fetal development in hospitalized preterm infants can provide insights into the impact of pain/stress on the fetal programming and development that normally occur in utero. Taken together, this work is complementary to the rich literature regarding prenatal adverse environmental events. Both bodies of work inform our understanding of the impact of stress during fetal development on later neurodevelopmental outcomes. However, caution should be exercised given the complexity of multiple systems undergoing biological changes specific to prematurity, and the comparability of ex utero pain with prenatal stress in utero.
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Introduction
During pregnancy and the early postpartum period there are significant physiological, behavioral, and neurobiological changes in women, and to a lesser extent in men, that are often coupled with new parent’s happiness and personal fulfillment related to their new role as a parent. However, the transition to parenthood can occur in the context of stressful life events and is, arguably, a time where there is an increased susceptibility to stress-related mental illnesses such as anxiety and depressive disorders (Field 2017b; Munk-Olsen et al. 2009). It is estimated that 15% of peripartum women worldwide and up to 10% of new fathers experience perinatal depression (Pawluski et al. 2017; Cameron et al. 2016). Parental stress and peripartum mental illnesses not only have significant effects on parental health, but also affect parental care-giving behaviors, the parent–child relationship, the trajectory of development, and parenting into the next generation (Glover et al. 2010; Van den Bergh et al. 2005; Pawluski et al. 2017). In fact, untreated peripartum mental illnesses are a significant burden to society and financial estimates put the cost of maternal mental illness alone to be $14.2 billion for all births in the USA in 2017 (Luca et al. 2019).
In the majority of mammalian species, parenting is primarily the mother’s task and early work has shown the remarkable role of maternal care-giving behavior on offspring outcomes. Maternal behaviors are broadly defined as behaviors that enhance offspring survival and reproductive success (Saltzman and Maestripieri 2011). In humans, parenting involves a host of behaviors that often occur in response to the infant’s need for food and nurturing which range from the obvious (i.e., feeding) to the subtle (i.e., eye contact). Pioneers in the field have pointed out the importance of early bonds with a primary care-giver. John Bowlby, the father of attachment theory, believed that external relationships, e.g., that between a parent and child, are important to consider in understanding the child’s behavior (van der Horst et al. 2008). Harry Harlow’s famous research in rhesus monkeys showed the importance of mothering and Seymour Levine’s work in rodents showed the pervasive effects that maternal separation can have on offspring development (Levine and Lewis 1959). More recent work of Michael Meaney, Alison Fleming, and others show that even the quality and duration of maternal offspring-directed care, as largely shown in rodents, contributes to the development of adaptive or maladaptive outcomes (Fleming et al. 2002; Lomanowska et al. 2015; Meaney 2001).
To date, most research investigating the impact of stress and stress-related disorders on the parent–infant dyad has focused on how stress affects offspring development with much less work invested in how stress affects the parent; from physiological, behavioral, and neurobiological perspectives. In fact, when looking at the number of neuroimaging studies on Postpartum Depression, a stress-related disorder that can affect up to 1 in every 7 women postpartum (an estimated 11% of all women), it is perhaps surprising that there are at best 25 neuroimaging studies on this mental illness (Pawluski et al. 2017; Moses-Kolko et al. 2014). Of course, research on gestational stress in humans has constraints as ethically we cannot control the timing of stress experimentally to confine the stressor only to the antenatal period. In humans, antenatal stressors often have postnatal sequelae or postnatal persistence: prenatal anxiety and depression are risk factors for postnatal anxiety and depression. Stress may exist even prior to pregnancy, such that it is chronic stress and persistent in the life of the parent. Our emphasis in the present chapter is to focus on gestational stress effects on parenting in humans and rodent models, but one should keep in mind that stress is almost never confined to a specific time period and can have enduring effects.
Animal models, on the other hand, use externally applied stressors, that can induce emotional changes, but whether these are appropriate models of the human condition is a point of discussion. In humans, exogenous stressors such as war, refugee dislocation, environmental disasters, and intimate partner violence, even if the trauma itself has completed, may result in mental health conditions, such as depression or post-traumatic stress disorder (PTSD), as well as changes in social and material supports available. Further, exogenous stressors can be a source of instability, which can also put one at risk for anxiety and depression.
In animals, we can often observe the effects of the stress without any intention to remediate any potential negative effects on maternal behavior or on offspring health. This is not the case in humans where we have a duty to treat when the stressor is endogenous, that is to say, anxiety or depression with unknown etiology. When the stressor is exogenous, such as environmental disaster, war, or refugee dislocation, we still have a duty to treat, although resources for treatment and intervention are often inadequate. All of these particulars of human research with gestational stress are evidenced in the literature, whether these particular challenges result in a reframing of prenatal stress to “perinatal stress” or an attempt to statistically control for postnatal stress when examining prenatal stress in very large sample sizes, or an ongoing recognition that the effects of prenatal stress are likely multifaceted and cannot be isolated easily.
Very few studies examine the effects of specifically gestational stress on specifically parental behaviors. The absence of this literature can be attributed to any of the previously described challenges to this type of study; however, here we emphasize that stress at any point in early parenting can affect the parents’ behavior and as such affect child outcomes. The effect of stress, perinatal or otherwise, affects parental behavior which, in turn, is among the most important influence on children’s development.
In line with this, it should be noted that gestational stress is associated with other potential effects on the child as in exposure to other antenatal insults such as smoking and poor nutrition (Waters et al. 2014). Furthermore, gestational stress is more common in the contexts of intimate partner violence, parental antisocial behavior, childhood maltreatment, and socio-economic risk (Waters et al. 2014). Mothers with more symptoms of depression report less social support and more occurrences of stressful life events (McCarty and McMahon 2003). These factors often represent unmeasured residual confounding. Thus, gestational stress may represent a construct involving several interdependent components, rather than a singular or specific factor in itself. Keeping this in mind, below we will review the research on how various described gestational stressors affect maternal and paternal care-giving behaviors.
This chapter focuses on how stress during gestation, including stress-related mental illnesses, affects parental care-giving behaviors. The chapter begins with a discussion of gestational stress effects on parenting in human mothers and fathers, then follows with a review of the rodent literature and a discussion of the role that offspring may play in gestational stress effects on parenting. Possible neural and physiological mechanisms are discussed. Finally, there is a need to intervene and prevent the intergenerational effect of gestational stress; therefore, we will discuss interventions that may be used to minimize the effects of gestational stress on the early parent–infant relationship.
Gestational Stress and Maternal Care-Giving Behaviors
Endogenous Stress
Endogenous stress, such as anxiety or depression with non-specific etiology, can only be fully ascertained in humans (not non-human animals) and typically by self-report. This type of stress can have its roots in exogenous causes, can be new in the perinatal period, or can be lifelong health conditions that arose in childhood or adolescence. Transition to parenthood is a vulnerable time, particularly for parents who have a history of psychopathology, whether that is symptoms of depression and anxiety or a formal diagnosis. Parents may feel guilt (Aktar et al. 2019) or lack of confidence (Cost et al. 2016) in their ability to parent. Parents may also be concerned that their children will “inherit” their psychopathology (Aktar et al. 2019). Mental illness continues to carry stigma, perhaps even more so in the perinatal period when social expectations are that this is a period of joy and happy anticipation. The stigma typically associated with psychopathology in combination with the juxtaposition of the perinatal period as a time of joy reduces help-seeking and increases social isolation (Aktar et al. 2019), both of which can exacerbate symptoms of psychopathology. Maternal postnatal depression and anxiety are associated with decreased sensitivity and decreased internalized maternal care regulation (Unternaehrer et al. 2019). Specifically, maternal postnatal depression and anxiety are associated with less emotional availability, decreased interest in the infant, intrusive behaviors, and hostile behaviors toward the infant (Kaplan et al. 2008). Depressed mothers engage in more negative and controlling behaviors with their children, with more dysphoric affect (McCarty and McMahon 2003). Maternal depression and anxiety have a high level of comorbidity in the perinatal period (Field 2017a) and some studies either fail to differentiate or combine depression and anxiety under an umbrella term “depression/anxiety.”
Anxiety
The prevalence of anxiety during pregnancy is 21–25% for mothers (Field 2017a). Risk factors for antenatal anxiety include low family functioning, low social support, history of mental health problems, intimate partner relationship problems, unintended pregnancy, primiparity, less perceived control of pregnancy, less pregnancy commitment, greater job stress, lower income, lower education, young maternal age, and less acculturation (Field 2017a). Antenatal anxiety is associated with greater pregnancy-related complications, such as pregnancy-induced hypertension, pregnancy anemia, alcohol consumption during pregnancy, and cesarean section (Field 2017a).

Maternal anxiety can affect the perception a mother has of her infant facial expressions and maternal sensitivity. For example, the examination of face-processing during pregnancy in women with and without antenatal anxiety revealed interesting results. In most studies, fearful adult faces were better encoded by women with antenatal anxiety but increased antenatal anxiety was associated with perceiving neutral and sad infant faces as sadder compared to lower levels of antenatal anxiety (De Carli et al. 2019). Greater maternal face processing accuracy was associated with more secure infant attachment at 18 months postpartum, across all levels of maternal sensitivity (Bernstein et al. 2014). However, a study with 4-month-old infants found that postnatal maternal sensitivity with the infant, and not antenatal anxiety diagnosis, predicted infant responsiveness, infant heart rate variability, and infant cortisol levels—and that antenatal maternal anxiety was not associated with postnatal maternal sensitivity (Kaplan et al. 2008). In a still-face paradigm with infants at 7 months of age, the effects of antenatal anxiety on infant reactivity were moderated by maternal sensitivity, such that infants were less reactive when mothers were sensitive, regardless of antenatal anxiety (Grant et al. 2010). Another study found that mothers with antenatal depression and/or anxiety demonstrated less responsiveness and attention to their infants prior to the heel lance procedure and also displayed less embracing or cuddling of the neonate after the heel lance (Warnock et al. 2016). Thus, there is a link between maternal antenatal anxiety and maternal responses toward her infant.
Breastfeeding, another maternal behavior, has also been linked with antenatal anxiety. A recent study showed that mothers with greater antenatal anxiety had shorter breastfeeding duration but the initiation of breastfeeding was not associated with antenatal anxiety (Field 2017a).
In considering another type of stress, rather than anxiety specifically, one study found a positive effect of antenatal psychosocial stress on maternal behavior at 6 months postpartum. Mothers who rated their psychosocial stress as high in the third trimester had more positive dyadic interaction with their infants in a free play period compared to mothers who reported low psychosocial stress in the third trimester. Interestingly, this study found no effects of psychosocial stress, antenatal psychopathological stress, or antenatal perceived stress, in mother–infant dyadic interactions when using the still-face paradigm (Wolf et al. 2018). Taken together these studies suggest that different aspects of maternal behaviors are differentially affected by maternal antenatal anxiety – which depend on type and, likely duration, of the stressor.
Depression
The prevalence of perinatal depression is between 13–25% for mothers and 8.4–10% for fathers (Aktar et al. 2019). The prevalence of depression in mothers is different across the 3 trimesters of pregnancy: 7–11% in the first trimester, 9–13% in the second trimester, and 18% in the third trimester (Waters et al. 2014). Psychopathology in both parents can increase the risk for maladaptive parenting and adverse child outcomes (Aktar et al. 2019). Risk factors for antenatal depression include young maternal age, low education, low socioeconomic status, low social support, single parenthood, intimate partner violence, adverse childhood experiences, hyperemesis gravidum (i.e., a type of severe morning sickness), or other physical illness in pregnancy, unplanned pregnancy, previous miscarriages, and previous history of depression (Waters et al. 2014). Outcomes associated with antenatal depression include maternal postnatal depression, poorer maternal sleep quality, paternal depression, lower birthweight, and lower gestational age (Field 2017b). Antenatal depression and anxiety are large risk factors for postnatal depression and anxiety. More than 50% of postnatal psychopathology cases are recurrences of prenatal psychopathology (Aktar et al. 2019).

In recent research antenatal depression was associated with decreased feelings of parental competence at 6 weeks through to 9 months postpartum (Takács et al. 2019) and with higher maternal rating of child negative affect at 6 weeks postpartum. Antenatal symptoms of depression both in early pregnancy and in late pregnancy were further associated with concurrent low maternal bonding with the fetus. However, there was no longitudinal association with decreased postpartum mother–infant bonding in mothers who only experience antenatal depression (Ohoka et al. 2014).
In a study on the quality of speech that mothers directed toward their infants, antenatal depression was not associated with any differences in infant-directed speech compared to never depressed controls (Murray et al. 1993). However, mothers with postnatal depression had increased negative emotion in their infant-directed speech. Further, postnatally depressed mothers with male infants had less infant-focused speech than antenatally depressed mothers or never depressed controls. Here, it appears that the differences in maternal behavior were due to postnatal depression rather than antenatal depression (Murray et al. 1993).
The effects of antenatal depression on face processing are often significant, but not always. Comorbidity of antenatal anxiety and depression may confer greater risk for face processing impairments (De Carli et al. 2019). For example, women with antenatal depression have higher systolic blood pressure and greater cortisol reactivity when exposed to infant distress. Women with antenatal depression were less willing to comfort distressed infants compared to women without antenatal depression (De Carli et al. 2019) and they were more willing to turn away from infant faces displaying negative emotions (RM Pearson et al. 2010). Interestingly, attentional bias toward positive and negative stimuli is unaffected by antenatal depression (Edvinsson et al. 2017) suggesting these effects are infant-specific.
Recent work has shown that maternal antenatal depression interacts with maternal history of child maltreatment to predict child exposure to child maltreatment. In contrast, maternal history of childhood maltreatment in the absence of antenatal depression was not associated with child exposure to child maltreatment. Unfortunately, this study did not identify the source of childhood maltreatment and so we are unable to determine if the antenatal depression in combination with the mother’s own childhood maltreatment was associated with the mother’s own maltreatment of her child (Plant et al. 2013).
Taken together, gestational stressors in the form of endogenous stress, such as anxiety or depression, can impact a number of aspects of maternal care-giving (See also Chap. 2. The Epidemiology of Prenatal Stress).
Exogenous Stress
Exogenous stress most closely resembles the animal stress paradigms described below, however, there are key differences. First, in rodents, biparental or alloparental care is rare; however, biparental and alloparental care as well as social support are key determinants of maternal mental health in humans. Thus, disruption to social support can pose a significant exogenous stress during pregnancy and have enduring effects on maternal behaviors. Exogenous stressors include intimate partner violence, material hardship or deprivation, war, refugee dislocation, and environmental disasters such as hurricanes, earthquakes, and tsunamis. Here, we will focus on war and refugee dislocation as well as environmental disasters as gestational stressors. In the presence of each of these exogenous stressors, key social supports as well as material resources are not present in the moment and are sometimes lost forever. Furthermore, these exogenous stressors are risk factors to anxiety, depression, and posttraumatic stress disorder (PTSD), which means that the stressor transcends, becoming both exogenous and endogenous. Research on perinatal PTSD likely needs to take into account the nature of the trauma characteristics as there is some initial evidence that these characteristics play a role in how maternal perception is affected (Webb and Ayers 2015).
War and Refugee Dislocation
In times of war, pregnant women become targets of violence, with specific attacks on women giving birth, women having their wombs or breasts cut off, and their genitalia mutilated (Akol et al. 2016). Women, pregnant or not, are also targeted for rape as a weapon of war, the vast majority of which is gang rape (Brown 2011). This violence against women is a source of stress in itself, the threat of this violence is a source of stress, and the violence experienced, witnessed, or threatened precipitates PTSD (Akol et al. 2016). Furthermore, during the course of a war, healthcare systems and facilities can be thoroughly destroyed, and may even be specifically targeted. Even after the war, there may be issues to the supply of infrastructure, trained healthcare professionals, and medical equipment and supplies. Medical staff may have low morale under conditions of war and may also lack appropriate supervision (Bӧttcher et al. 2018). Women may lack safe transportation or access to care or may be displaced and not have access to care (Bӧttcher et al. 2018). In times of war, medical documentation and communication between patients and practitioners can be missing or poor (Bӧttcher et al. 2018). Women may be exposed to teratogenic effusions of munitions, such as smoke and heavy metals, with consequences for maternal and fetal health (Bӧttcher et al. 2018; Vänskä et al. 2019). Exposure to smoke and heavy metals can cause uncomfortable physical symptoms such as coughing, nausea, mental confusion, weakness, and constipation, which may contribute to prenatal stress for the mother. Even if women leave the war thereby becoming displaced persons, significant challenges remain. Displaced and refugee pregnant women and new mothers lack adequate food, clean water, shelter, sanitation, access to birth attendants and healthcare workers, culturally sensitive humanitarian workers, as well as overall poor healthcare infrastructure (Hirani and Richter 2019). Furthermore, dislocated people and refugees may face cultural and language barriers in accessing care. There may also be a lack of awareness of facilities once they are available and a distrust of or misconceptions about practitioners (Bӧttcher et al. 2018; Yaya et al. 2019). Even very basic types of antenatal care are not fully utilized in the postwar context. Evidence from Liberia demonstrates that even 13 years after the end of the civil war, only 79.8% of pregnant women attended antenatal care visits and only 74.6% delivered in a healthcare facility (Yaya et al. 2019).

Even a single experience of war trauma can have profound impacts on maternal mental health and infant outcomes, such as maternal PTSD characterized by intrusive thoughts, avoidant behaviors, and hyperarousal. Research on the effects of the 9/11 terrorist attack in New York City has demonstrated that nearly half (46%) of the pregnant women in the study developed PTSD and that there were increases in infant regulation and behavior problems (Brand et al. 2006; Engel et al. 2005; Yehuda et al. 2005). Maternal PTSD in asylum-seekers was less emotionally available and had more insensitive, unstructured, and hostile interactions with their toddlers (van Ee et al. 2012). In a large study in the Gaza Strip, an occupied Palestinian Territory, to examine the effects of war on maternal responsiveness to infant crying, maternal antenatal depression was associated with decreased active and positive responses to infant crying at 4 months postpartum. Further, high levels of maternal antenatal PTSD were associated with increased maternal negative emotions in response to infant crying at 4 months postpartum. In contrast, high levels of maternal antenatal perceived stress were associated with increased active and positive responses to infant crying at 4 months postpartum. War trauma itself did not have a direct effect on maternal responsiveness or interpretation of infant crying—all effects were mediated by maternal mental health (Lahti et al. 2019) and effects which suggest a potential U-shaped function of stress effects on parenting. According to this conceptualization, moderate stress and its associated physiological and behavioral sequelae, within a “normal” range may enhance mothers’ attention to the infant. This finding is consistent with work by Fleming et al. (1997) and Stallings et al. (2001) in which higher levels of cortisol immediately postpartum is positively associated with attraction to infant odors and to sympathetic responses to infant cries (Fleming et al. 1997; Stallings et al. 2001). The effects of war trauma on maternal-fetal attachment in the second trimester of pregnancy were fully mediated through social support and antenatal mental health. High levels of war trauma were associated with decreased social support and increased antenatal maternal mental health, including symptoms of depression, anxiety, and PTSD. Decreased social support and increased antenatal maternal mental health problems were associated with decreased maternal–fetal bonding. Higher maternal–fetal bonding in the second trimester was associated with greater maternal emotional availability and more positive mother–infant interactions at 4 months postpartum (Punamäki et al. 2017). Although research on the effects of the antenatal experiences of war on maternal behavior is limited, the studies available indicate strong evidence of maternal mental health sequelae and impacts on maternal behavior in the postpartum period.
Environmental Disasters
While environmental disasters present a “natural experiment” to understand the effects of traumatic antenatal stress on parental behavior, there are also some challenges associated with this paradigm. First, by their very nature, environmental disasters are unexpected therefore studying outcomes under these conditions is due to the “luck” of having an established study in progress at the time of the event. Even so, most studies that consider the effects of natural disasters consider only maternal mental health and later child outcomes (King et al. 2012), but not the effect of these events on maternal behavior. Hurricane Katrina, which devastated New Orleans and nearby areas of the Gulf coast on August 29, 2005, resulted in 1800 deaths, 1 million internally displaced persons, and over $200 billion USD in damages, including the destruction of several hospitals in the area (Harville et al. 2009). In a study of 199 pregnant and postpartum women who experienced Hurricane Katrina, greater hurricane exposure was associated with increased PTSD and depression; however, overall rates were not significantly different to that general population estimates. Greater experience of the hurricane, such as walking through floodwater, was associated with decreased breastfeeding, but no other maternal behaviors were assessed in this sample (Harville et al. 2009). Another natural disaster, the Queensland floods in Australia in 2010–2011 resulted in the evacuation of 90 towns and 200,000 people, resulted in 33 deaths and cost $2.38 billion Australian Dollars in damages. A study on maternal and child outcomes from women affected by this disaster mirror those from the study with Hurricane Katrina: that greater exposure to the floods was associated with increased PTSD and depression. Again, only 1 measure of maternal behavior was measured postnatally: maternal mind-mindedness which involves adopting the intentional stance toward another person, that is to say, a parent understanding that their child has their own mind, separate from the mind of the parent. Storm exposure, anxiety, and depression were not associated with mind-mindedness in this sample (Lequertier 2018) (See also Chap. 18. Natural Disasters and Pregnancy).

Gestational Stress and Paternal Care-Giving Behaviors
Anxiety
The prevalence of anxiety in fathers ranges from 3.4 to 25.0% in the antenatal period, 2.4% to 51.0% in the postnatal period, and at 42.6% during labor, depending on the study and sample characteristics (Philpott et al. 2019). Overall, paternal anxiety increases during the antenatal period but then decreases from the antenatal period to the postnatal period (Philpott et al. 2019). Risk factors for antenatal anxiety include low family functioning, low social support, low practical support, history of mental health problems, intimate partner relationship problems such as difficult dyadic adjustment, maternal antenatal mental health problems, lower self-esteem, frequent alcohol use, smoking, greater job stress, lower income, lower education, presence at the birth or at a previous birth, lower levels of prenatal attachment, and insecure anxious attachment style (Philpott et al. 2019). Paternal antenatal anxiety is associated with antenatal and postnatal depression, stress, and anxiety, persistent fatigue, and decreased support for partner (Philpott et al. 2019). Few studies have examined the effects of paternal antenatal anxiety on later paternal behavior; however, there are data to suggest the paternal antenatal anxiety can influence paternal behavior and cognitions. First, higher paternal antenatal anxiety was associated with decreased parenting self-efficacy as well as a blunted slope in increasing parenting self-efficacy from the first trimester to 6 months postnatally, compared to non-antenatal anxious fathers (Pinto et al. 2016). Other studies have found increased antenatal anxiety associated with decreased paternal control and increased paternal unresponsiveness (Parfitt and Ayers 2014; Parfitt et al. 2013). Studies that wish to understand the effects of parental antenatal anxiety on parental behaviors or child outcomes need to examine the roles of both parents.

Depression
The prevalence of paternal antenatal depression is estimated at 8.4–10.4% (Cameron et al. 2016; Da Costa et al. 2019), but the rates of paternal antenatal depression vary according to several variables. In a meta-analysis, paternal antenatal depression was stable across the antenatal period, but there was an increase in prevalence in the postnatal period, with the highest prevalence at 3–6 months postpartum, approximately 13.0%. The rates of postpartum depression are also influenced by geography: studies conducted in North America had the highest prevalence of paternal antenatal depression (12.5%) while Australia/Oceania and Europe had the lowest prevalence of antenatal depression (6.5% each). In contrast to maternal antenatal depression, paternal antenatal depression was not dependent on age, parity, education, or history of depression; however, maternal depression was associated with increased prevalence of paternal antenatal depression (Cameron et al. 2016). Decreased sleep quality, increased financial stress, and decreased dyadic adjustment were associated with increased paternal antenatal depression symptoms. The prevalence of paternal depression in the perinatal period is more than twice the prevalence of depression in men outside the perinatal period (2.8%) (Da Costa et al. 2019). One study found no effect of paternal antenatal depression on paternal behavior, specifically a tendency toward child maltreatment, but did find an effect of postnatal, i.e., concurrent paternal depression with child maltreatment tendency at 2 months postpartum (Takehara et al. 2017). Despite the studies on the effects of maternal antenatal depression on maternal behavior, we were only able to find one study on the effects of specifically antenatal paternal depression on paternal behaviors, although there is a developing literature on the effects of paternal postnatal depression on paternal behaviors (Philpott et al. 2019).

Gestational Stress Effects on Parenting: Rodent Models
In addition to human research, animal studies have aimed to determine the extent to which gestational stress affects offspring outcomes, with little emphasis on understanding how gestational stress affects parental care. In this section, we will review key studies on the effects of gestational stress on parental care from research in rodent models, as a wealth of our understanding of the effects of gestational stress on offspring outcomes has come from these models. Rodents are also the most studied mammal in terms of parental behaviors, which involve pup-directed behaviors such as licking/grooming offspring, kyphosis or arched-backed nursing, blanket nursing, passive nursing, and pup retrieval to the nest (Numan and Insel 2003). Some researchers also differentiate between anogenital and body licking behaviors as the duration of anogenital licking has been associated with behavioral outcomes, particularly in male offspring (Moore and Morelli 1979). These behaviors can occur independent of pregnancy and birth (Rosenblatt 1967) and once acquired can be quickly induced with subsequent exposure to offspring (Fleming and Rosenblatt 1974). Non-offspring directed parental behaviors, such as aggression, also fall under parental behaviors; however, the focus here is on offspring-directed parental behaviors.
Common tests of maternal behaviors involve observational recordings of dams in the home cage or pup retrieval tests (Numan and Insel 2003). For maternal behaviors recorded in the home cage, typically an observer will record the type and duration of maternal care-giving behaviors at multiple times during the day for the first few days postpartum or continuously for a number of hours or days. Maternal care observations on postpartum days 2–5 have been reported to be essential for the reliable assessments of individual differences in maternal behavior (Champagne et al. 2003). For pup retrieval tests, after a brief (10–20 min) separation of pups from the nest pups are then replaced in the home cage opposite to the nest site. The maternal care-giving behaviors are assessed in the following period of time (typically 20 or 30 min).
In addition to these methods to investigate maternal pup-directed behaviors, cross-fostering studies have been employed. In studies of gestational stress, for example, a stressed dam will be given a litter of pups from an unstressed dam and vice versa. These studies are valuable to understand the effects of the gestational stressor alone on either the mother or the offspring and can add information on the role that the parent–infant dyadic relationship has in affecting both the parent and offspring.
In rodent models of gestational stress effects on offspring development, a large majority of work has used a repeated restraint stress paradigm during gestation (Weinstock 2008; Maccari and Morley-Fletcher 2007; Darnaudery and Maccari 2008). This restraint typically takes place during the last week of gestation and consists of the pregnant dam being placed in a restraint tube under bright light three times per day for 1 h (Weinstock 2008; Maccari and Morley-Fletcher 2007; Darnaudery and Maccari 2008; Ward and Weisz 1980). Other gestational stressors have been used such as repeated unpredictable stress where a female is exposed to 1 or 2 stressors a day for two of the 3 weeks of gestation, overcrowding stress where a female is housed with a number of other females for a number of days during gestation, or a combination of the above (Hillerer et al. 2012; Haim et al. 2014). A number of postpartum stressors have also been studied such as limited nesting material, maternal separation, social stress, and resident intruder stress (Lovic et al. 2001). These postpartum stressors can significantly affect maternal behavior and offspring development but we have focused on gestational stressors throughout the chapter.
There has been a slow progression of our understanding of how gestational stress affects maternal behaviors in rodent models. The first work pointing to an effect of prenatal stress on maternal behavior in rat dams showed that when cross-fostering was used, unstressed offspring reared by gestationally stressed dams differed from unstressed offspring reared by unstressed dams on behavioral measures (Joffe 1969 in (Moore and Power 1986)). This was followed a number of years later with a report that specific maternal behaviors such as retrieval and nursing time regardless of cross-fostering did not significantly differ between gestationally stressed and non-stressed rat dams (Herrenkohl and Whitney 1976). In 1984 work was published to show that indeed gestational stress, albeit to novelty, does increase the time nursing pups and the time in the nest (Muir 1985). Additionally, Moore and Power (1986) used cross-fostering techniques after gestational social stress and showed that stress during gestation altered the behavior of the dam toward unstressed pups (an assessment of maternal behavior with stressed pups was not carried out). This effect on maternal behavior was evident by a significant reduction in licking of pups by gestational stressed dams compared to non-stressed dams (Moore and Power 1986); however, more recent work with restraint did not report the same effects (Melniczek and Ward 1994).
Others have reported that an acute or repeated stressor of exposure to a cat late in gestation resulted in gestationally stressed dams that had a shorter latency to pup retrieval and spent more time digging in the home cage. These dams also spent significantly less time sniffing offspring and rarely retrieved all the pups back to the nest during the 30 min observation (Patin et al. 2002). This study showed that gestational stress does indeed alter aspects of maternal pup-directed behaviors. Around the same time, studies on gestational stress effects on maternal behavior in mice were carried out showing that gestationally stressed mouse dams raising stressed pups exhibited high levels of nursing and licking/grooming and retrieved their pups rapidly in a pup-retrieval task (Meek et al. 2001). More recent work has shown that after gestational restraint stress dams show a decrease in arched-back nursing and nesting of pups (Smith et al. 2004; Leuner et al. 2014).
Gestational stress can also affect established maternal care patterns. Champagne and Meaney (2006) showed that gestational stress decreased the time spent licking/grooming offspring in high, but not low licking/grooming mothers (Champagne and Meaney 2006). This effect endured into the next birth suggesting an enduring effect of gestational stress on maternal behaviors, but perhaps only in some mothers. When looking at rats with a high-anxious phenotype or low-anxious phenotype, psycho-social gestational stress (maternal defeat by an aggressive lactating resident and restraint) increased the high-anxious rat dam’s retrieval of pups in a pup retrieval test (Neumann et al. 2005). This suggests that even well-established maternal care-giving patterns can be disrupted with gestational stress and points to a gene–environment interaction.
There appears to be little consensus on the specific effects of gestational stress on maternal behaviors except that gestational stress does alter some aspects of maternal pup-directed care. It may be that these varied effects of gestational stress on maternal behaviors are related to the stress paradigm employed, the timing of the stressors, the method of maternal pup-directed behavior observations, and reproductive experience. One can also not rule out that the rodent strain or species and age at motherhood may significantly alter these effects (Champagne et al. 2007).
Gestational Stress and Affective Behaviors
As mentioned previously, a number of women suffer from anxiety and depression during the perinatal period, disorders which are characterized by altered maternal offspring-directed care. Rodent models of these disorders have shown that gestational stress can induce postpartum depressive-like phenotypes in rat dams as evidenced by increased immobility in the forced swim test (Smith et al. 2004; O’Mahony et al. 2006; Leuner et al. 2014) and increased anxiety-like behavior as measures by the elevated plus maze (Darnaudery et al. 2004). However, others have shown that gestational stress has minimal effects on depressive-like behaviors (Darnaudery et al. 2004; Pawluski et al. 2012b) and anxiety-like behaviors (Leuner et al. 2014) postpartum. For recent reviews of animal models of postpartum depression see (Payne and Maguire 2019; Perani and Slattery 2014).

Gestational Stress and Paternal Behavior
In most mammalian species nearly all females have the capacity to respond in a parental way, which is less evident in males. In biparental species, such as California mice, males have the capacity to show pup-directed behaviors at birth in the same fashion as females. Thus, bi-parental species are valuable models to understand how gestational stress may affect paternal pup-directed care. This area of research is small but one recent study shows that defeat stress prior to mating increases paternal pup-directed behaviors (Kowalczyk et al. 2018). Even in uniparental species where offspring care is only carried out by the mother, a father’s experience prior to mating can alter maternal behavior. For example, females that mate with males reared in an enriched environment exhibit increased levels of pup nursing and licking toward their offspring (Mashoodh et al. 2012). This is an interesting area of future research on stress effects on parenting showing the contributions of both parents to the quality of maternal offspring-directed care.

Role of Offspring in Stress Effects on Maternal Behaviors: Rodent Models
Characteristics of offspring are important potential mediators of mother–offspring interactions. Evidence from rodent studies indicates that a number of behavioral phenotypes in the offspring, including explorations in the elevated plus maze and ultrasonic vocalizations, are associated with levels of maternal care provided to the litter. Below, we focus most closely on inter-individual differences in pup characteristics in the context of the maternal–offspring dyad in early life. However, it is worth noting that a majority of information in the existing literature concerns maternal care provisioning to an entire litter (i.e., treating each sibling essentially as biological replicates), although it has been recognized for some time that the amount of care individual pups receive varies substantially within litters, even among genetically identical individuals.
Classical examples of pup characteristics that affect maternal behavior provision include the size and sex ratio of the litter. Offspring body weight is indirectly related to litter size, as litters of fewer individuals tend to be composed of larger pups, indicating increased maternal provision to individuals within smaller litters. Interestingly, however, there appears to be no relationship between litter size and levels of licking-grooming provided to litters overall (Champagne et al. 2003). Similarly, the sex of the offspring matters: male offspring in a litter receive greater levels of maternal care-giving than female offspring (Moore 1984). The impact of gestational stress on offspring sex ratios is somewhat controversial, as the contribution of the type, timing, and duration of the stressor to the sex ratio of offspring is not always clear (Edwards et al. 2016). In a study of genetically stress-sensitive mice (deficient in corticotrophin-releasing hormone 2), gestational exposure to chronic variable stress in mid to late pregnancy resulted in elevated offspring body weight at birth and long-term increases in body weight and indices of metabolic dysfunction, particularly in male offspring (Mueller and Bale 2006). In addition, stress early in pregnancy resulted in fewer female pups born per litter, despite no change in overall pup numbers from stressed compared to non-stressed dams. The findings and others (Tamashiro et al. 2009) suggest that body weight and litter sex ratio are sensitive to prenatal stress, though the interaction of these characteristics with levels of maternal care was not examined in this study. In future studies, it would be important to measure the body weight and sex ratios of offspring in relation to maternal care-giving behaviors in stressed dams.
Ultrasonic vocalizations (USVs) emitted during early postnatal life are also known to elicit maternal retrieval and the licking of pups. Much remains to be discovered concerning the wide variety of calls that are emitted during this period (Abuaish et al. 2019) and the impact of prenatal stress exposure on call characteristics. However, a greater number of USVs produced in the presence of their dam during early postnatal life is generally used as an index of increased anxiety-like behavior (96). In offspring exposed to prenatal stress, USV duration and number were increased in postnatal day 10 with likely effects on maternal offspring-directed care (Laloux et al. 2012). However, a more recent study using the same strain of rat (Sprague–Dawley) reported no such effect of prenatal stress in early life, but a decrease in USV number at postnatal day 17 (Ehrlich and Rainnie 2015). The duration or type of stressor applied in the second study may be factors involved in the discrepancy observed between these and other studies (Morgan et al. 1999). However, given the positive relationship between pup USV production and maternal solicitation (Marino et al. 2002), this is a topic that should receive further attention.
Genotype is another factor of potential relevance in rodent studies of pup characteristics, particularly in outbred rats typically used to examine maternal behavior such as Long Evans or Sprague–Dawley strains. Studies from our group (POM) have been examining genotype in relation to levels of maternal care received by individual pups indicating interactions between pup genotype and maternal care provision to siblings within the same litters (Pan et al. 2014; Pan et al. 2018; Lauby et al. 2019). Although maternal care provided to individual pups varies widely across animals in a litter, the levels of care provided to each pup remain relatively stable over the first 10 days of life. Allelic variation in genes related to the response to stress is significantly associated with levels of care received by pups, as well as stress responses in adulthood (Pan et al. 2018). In addition, studies of cross-fostered populations of mice have identified large chromosomal regions that associate with maternal care-giving behaviors (Ashbrook et al. 2015). An interesting study in mice used embryo transfer to isolate genetic and early environmental (i.e., maternal) contributions to ultrasonic vocalizations (Wohr et al. 2008). Analyses of substrains of mice that differed in their adult anxiety behavior identified that most call features were solely dependent on the offspring genotype; however, call number was dependent upon the interaction between mother and pup. These findings are in line with studies of prenatal stress that report environmental influences on pup behaviors, but also suggest that pup genotype plays an important role in the solicitation of maternal care.
It is challenging to determine the direct effects of prenatal stress on offspring while controlling for the influence of prenatal stress on offspring characteristics. If such characteristics are influenced by the maternal gestational environment, they may not be eliminated by postnatal cross-fostering. For example, some studies using cross-fostering designs have shown that maternal care directed toward offspring is not the same between pups from stressed dams and control pups. Male pups typically receive twice the levels of an anogenital licking than female pups (Moore 1984). However, males were licked at levels similar to females if their mothers were stressed, whether or not they were cross-fostered to non-stressed dams (Moore and Power 1986; Power and Moore 1986). In addition, urine isolated from these offspring showed similar effects on levels of maternal investigation. These data suggest that chemosensory signals including urinary compounds play a role in pup characteristics affected by prenatal stress. These pup characteristics can complicate the interpretation of the effects of prenatal stress on maternal behavior. As others have noted (e.g., Weinstock 2008), maternal behavior should be examined even in the context of cross-fostering designs to identify the potential mediating role of pre- and post-natal factors.
Role of Offspring in Stress Effects on Parental Behaviors: Human Studies
Studies in humans have also provided evidence of genetic traits in the child that modify the influence of prenatal stress on parental behaviors. Some of these genetic effects may function indirectly by modifying the child’s behavior. For example, polymorphic variation in the glucocorticoid receptor in children moderated the effect of prenatal maternal psychological symptoms on child emotional and behavioral problems independent of the mother’s genotype (Velders et al. 2012). In another study, maternal positive discipline had a greater effect in children with a greater number of the MET polymorphism in the COMT gene (Kok et al. 2013). Child genotype, including serotonin and dopamine receptors, also appear to play a mediating role in mood and stress-related behaviors in early childhood (Oberlander et al. 2010; Zohsel et al. 2014; Buchmann et al. 2014). An adoption study examining depression symptoms in the mother found that the birth mother’s symptoms during gestation predicted lower cortisol levels and higher internalizing symptoms in children to 54 months of age, controlling for potential post-natal maternal effects (Laurent et al. 2013). The results are consistent with other studies showing a period of prenatal vulnerability to stress in offspring, and identify potential effects of prenatal exposures per se to behaviors in childhood known to interact with parental behaviors. However, since the study only examined sub-clinical symptoms in the mother, it is not certain to what extent these effects may impact maternal behavior or physiology. Human parenting studies using within family designs and studies of differential parenting of twins have helped elucidate unique inter-individual characteristics that shape the parent–offspring dyad, as has been discussed elsewhere (Jenkins et al. 2016).
Gestational Stress and the Parental Brain
The transition to parenthood is a time when there is significant reorganization and communication in brain areas important for empathy, cognition, mentalizing, reward, and decision making (Feldman 2015; Barba-Muller et al. 2019). Our understanding of the effects of gestational stress on neurobiology in the parental brain has been largely informed by laboratory rodent models. Unfortunately, this neurobiological research is still in its infancy. Laboratory rodent models are showing that gestational stress modifies synaptic plasticity, such as synaptic density and density of synaptic proteins, in areas of the prefrontal cortex (PFC), nucleus accumbens, amygdala, and hippocampus (Gemmel et al. 2016; Haim et al. 2016). Research in the hippocampus (a brain area that has received the most attention in animal models after gestational stress due to its relationship with stress and a high degree of plasticity in adulthood) shows alterations in neurogenesis, dendritic plasticity, and glucocorticoid receptor density after stress during the peripartum period (Pawluski et al. 2016). In addition, animal models are also pointing to pivotal roles for the central serotonergic system and the hypothalamic-pituitary-adrenal axis in the effects of gestational stress on the parental brain (Pawluski et al. 2019; Payne and Maguire 2019). Further research is needed to investigate the extent of these brain changes with gestational stress and how they may modify maternal care-giving behaviors.
Gestational Stress and the Peripartum Hypothalamic–Pituitary–Adrenal (HPA) Axis
As mentioned, available literature focuses almost exclusively on the effects of prenatal stress on child outcomes, generally with a fetal-programming theory focusing on the HPA axis. The idea with this theory is that elevated stress in the antenatal period, resulting in elevated maternal cortisol, can increase the levels of cortisol in amniotic fluid and developing fetus (Waters et al. 2014). Higher fetal cortisol is associated with delayed fetal growth, premature birth, impaired fetal brain development, increased fetal motor activity, and increased fetal heart rate. Antenatal depression also is associated with increased interleukins (IL-6 and IL-10), increased tumor necrosis factor alpha, increased vascular endothelial growth factor, increased daytime and evening cortisol, and blunted cortisol awakening response (Osborne et al. 2018). This maternal profile of elevated inflammatory markers and cortisol is associated with increased cortisol secretion in the infants at 12 months postpartum, compared to infants not exposed to maternal antenatal depression (Osborne et al. 2018). Offspring outcomes with maternal depression exposure have also been linked to methylation of the glucocorticoid receptor genes (Radtke et al. 2011). However, it is important to note that not all studies find an association between elevated maternal antenatal cortisol and child outcomes (Rothenberger et al. 2011) and very few studies have investigated in detail how these changes in cortisol may be related to maternal care-giving behaviors.
Because prenatal stress acts on the HPA axis, there has been much speculation on the mechanism behind the effects of gestational stress and peripartum mood disorders on parental behavior and brain; arguably best studied with regard to perinatal depression and anxiety. It should be remembered that during a healthy pregnancy cortisol reaches concentrations that are not normally seen in a healthy non-pregnant individual (reviewed in (Dickens and Pawluski 2018)). Pregnancy significantly changes the way the HPA axis and circulating cortisol function. Many important basic and new functionalities of the HPA system overlap such that normal increases in cortisol drive critical stages of a healthy pregnancy. These functions include preparing the fetus for birth, parturition, and activation of mammary glands and milk synthesis (reviewed in (Dickens and Pawluski 2018)). Perhaps due to these increased functionalities, basal cortisol concentrations naturally rise across pregnancy and glucocorticoid levels play an important role in the initiation and maintenance of maternal care-giving behaviors, particularly in first-time mothers. For example, Fleming et al. (1997) report that first-time mothers with higher cortisol concentrations are more attracted to their own infant’s body odor (Fleming et al. 1997). In rodents, corticosterone is important for the pup retrieval, maternal memory, and maintenance of maternal pup-directed behaviors (Rees et al. 2004). Thus, there are dramatic healthy changes in the components of the HPA axis that are important for the maintenance of pregnancy, the process of parturition, and initiation and maintenance of mothering. In fact, during pregnancy and into the postpartum period, the responsiveness of HPA to stress is generally blunted, and research suggests that this reduced response plays a protective role for the mother and neonate (as reviewed in (Slattery and Neumann 2008)).
When it comes to gestational stress and maternal mental illness, findings are not clear about the effects of perinatal depression on the HPA axis. While antenatal anxiety is often associated with increased maternal levels of cortisol, research on the link between cortisol or the HPA axis and perinatal depression has shown that (1) often no relationship exists between cortisol and depressive symptoms in women during the perinatal period, and (2) the studies that do show a relationship between the HPA function and antenatal elevated cortisol concentrations during the second and third trimester are most often associated with antepartum depressive symptoms (Seth et al. 2016; Orta et al. 2018). Others report that maternal morning cortisol levels are reduced in pregnant women with major depression as diagnosed by a clinician (Szpunar and Parry 2018). In line with this, O’Connor et al. (2014) note that pregnant women with major depression have significantly lower cortisol levels at waking but overall elevated average cortisol levels. During pregnancy, both total serum levels of cortisol and corticosteroid-binding globulin are negatively associated with depressive symptoms in late pregnancy (Pawluski et al. 2012a). Others have shown that antenatal and postnatal depression are often in continuum showing that pregnant women with consistently elevated salivary cortisol levels have increased ante- and post-natal self-reported mood symptoms (Laurent et al. 2018). Although these findings show that HPA axis dysregulation can be linked to antenatal depression, and perhaps gestational stress, the link is not always evident or clear.
Even without a detailed knowledge of the HPA axis after stress during pregnancy and the postpartum period, we do know that the dysregulation of the HPA axis is often implicated in stress effects and mental illness in men and women. Thus, dysregulation of the HPA seems likely with stress and stress-related disorders in parenting, altering the parental brain and behavior. Besides dysregulation in the HPA axis, gestational stress affects additional neurophysiological systems in the mother, such as the serotonergic and immune systems, and the intricate connectivity between gestational stress, parenting and the many neurophysiological factors mediating these changes need further exploration (See also Chap. 3. The Developmental Effects of Prenatal Maternal Stress).
Summarizing Effects of Gestational Stress on Parental Behaviors
Gestational stress can take many forms from mental illness to war and natural disasters. Although more research is needed in this area, we are beginning to see that these stressors during gestation, which often continue into the postpartum, have pervasive effects on a number of aspects of maternal and paternal care-giving behaviors. Animal models of gestational stress are also showing marked effects of stress on maternal care-giving behaviors via changes in neurobiological mechanisms and physiology. However, again, most research has focused on the effects of gestational stress on offspring development and not the development of the parent. That being said, parental behaviors are largely driven by offspring cues and a focus on the intricacies of this dyadic relationship in relation to parenting is an exciting area of future research.
Minimizing Effects of Gestational Stress on Parenting: A Reflection on How to Intervene
Effective evidence-based interventions to reduce stress in pregnancy are important – not only for the developing fetus, but also for the mother, co-parent, and the whole family. Given the developmental origins of health and disease, clinicians and agencies can choose to improve the situation of stressed mothers now or attempt to manage the multiple sequelae of ongoing maternal mental health, potential for childhood maltreatment, dissolution of the family, carry-over effects on siblings, and the development of mental illness and anti-social behavior in the child as they develop. In short, it is easier to address the mother and her situation now than to combat the multiplicative problems later. Interventions can be multifaceted. Several researchers ask that interventions think beyond the diagnosis, to include not just improving symptoms of depression and/or anxiety, but to address the parent–child bond and interaction quality, parental confidence and self-efficacy, and increase social support in specifically targeted interventions. Previous work has shown that simply improving symptoms of depression does not improve maternal self-efficacy (Cost et al. 2016).
Most studies find that postnatal depression and anxiety have a greater impact on child temperamental and behavioral challenges than antenatal depression and anxiety (Takács et al. 2019). Other studies suggest that the effects of maternal depression are mediated by family adversity and difficulty in parenting (Korhonen et al. 2012). Interventions that target couples or families have the potential to provoke larger gains in improvements and for those improvements to be realized for everyone (Warriner et al. 2018). Violated expectations around childcare and household chores, division of labor, and inadequate co-parenting often drive decreased relationship satisfaction in the postpartum (Tombeau Cost et al. 2018), indicating a need for interventions that include adaptive strategies to manage the couple relationship (Da Costa et al. 2019). Although there is clearly a need for interventions targeted toward the whole family and for father-inclusive practices, research on the efficacy of such interventions for men is often lacking (Warriner et al. 2018). But the continuity of antenatal stressors, whether endogenous or exogenous, into postnatal stressors, as well as the studies described here indicate there is an imperative for intervention at the earliest point possible, whether that is prior to pregnancy, during pregnancy, or after.
Directed at Parental Psychopathology
When looking at psychotherapeutic interventions, interpersonal therapy (IPT) is shown to be effective in alleviating symptoms of maternal depression, but does not consistently affect mother–child bond (Waters et al. 2014). Cognitive behavioral therapy (CBT) combined with Motivational Interviewing and Behavioural Activation during pregnancy is also effective in reducing symptoms of depression (Waters et al. 2014). And when comparing IPT and parent education group, IPT is more effective in alleviating symptoms of depression (Field 2017b).
Recent research has also shown that, in a small trial, transcranial direct current stimulation (tCDS) is effective in reducing symptoms of antenatal depression compared to sham controls with 75% remission in the treatment group compared to 12.5% remission in the sham control at 4 weeks postpartum (Vigod et al. 2019).
In addition, Pharmacotherapy such as prescription of selective serotonin reuptake inhibitor medications (SSRIs), such as sertraline is often a first line of treatment for perinatal depression and anxiety (Gemmel et al. 2018; Oberlander et al. 2009). Research on SSRIs and maternal behaviors has shown that during feeding and play positive infant affect is correlated with maternal sensitivity in SSRI-treated mothers versus untreated mothers. Additionally, positive maternal affect in SSRI-treated mothers was negatively correlated with the apathetic mood in infants (Misri et al. 2004; Misri and Kostaras 2002). More recently, when controlling for the effects of maternal depression, mothers treated with an SSRI during pregnancy interrupted their child more during play (Weikum et al. 2013). Thus, clinical research, as well as research in animal models reviewed here - (reviewed here (Pawlusi et al. 2019)), shows that perinatal SSRIs can alter maternal care-giving behaviors but it remains to be determined the extent of these changes on the mother and offspring (See also Chap. 19. Developmental Outcomes Associated with Antidepressant Medication Therapy and Chap. 20. Pre- and Perinatal Interventions for Maternal Distress).
Directed at Parenting
Researchers in the field emphasize that interventions need to include a component focused on parental mental health but also include a component that is specifically targeted toward improving the mother–infant relationship and difficulties that may be emerging (Cost et al. 2016; Rode and Kiel 2016; Waters et al. 2014). Some research indicates that in utero programming effects of antenatal stress can be overcome with quality parenting (Kaplan et al. 2008). For example, maternal stroking of the infant at 5 and 9 weeks postpartum moderated the effect of antenatal anxiety on child internalizing and externalizing symptoms at 2.5 and 3.5 years of age; i.e., children who received more stroking had lower internalizing and externalizing scores, despite exposure to antenatal anxiety (Pickles et al. 2017). In another study, antenatal depression was a risk for later adolescent depression, but this effect was mediated by recurrent episodes of parental depression, indicating that the on-going environment for the child and the type and quality of parental behaviors likely has a greater impact than antenatal depression itself (Korhonen et al. 2012). CBT specifically to decrease attentional bias away from distressed infants in antenatally depressed women is effective in reducing attentional bias, even when depression symptoms are not improved (Pearson et al. 2013).
Perhaps the most well-studied parenting intervention for high-risk mothers and their young children is Mom Power. This 13-session parenting and self-care skills group that is client led focuses on enhancing mothers’ mental health, parenting competence, and engagement in treatment. This intervention reduces depression, PTSD, and caregiving helplessness with effects being most pronounced for women with a mental health diagnosis at the start. The intervention is perceived as helpful and user-friendly by the clients and is a feasible, acceptable, and promising intervention for improving maternal mental health and parenting competence (Muzik et al. 2015). Interventions targeting co-parenting are also effective in reducing symptoms of anxiety in fathers, as well as increasing the quality and closeness of the co-parent relationship (Philpott et al. 2019).
Social Support
Increasing social support and decreasing isolation is an important component to many treatments of maternal mental illness. Whether or not social support is better than other forms of therapy remains to be fully determined, but one study that compared yoga to social support found both interventions were equally effective in decreasing antenatal anxiety and symptoms for depression as well as increase relationship quality (Field 2017a). Others have reported that both IPT and a social support group were equally effective in reducing symptoms of depression, with comparable neonatal outcomes between the groups (Field 2017b) (See also Chap. 18. Natural Disasters and Pregnancy).
Alternative Therapies: Including Exercise and Diet
A Cochrane systematic reviews does not find support for the effectiveness of alternative therapies including massage, acupuncture, bright light therapy, and omega-3 oils (Waters et al. 2014) in treating perinatal depression. The small number of studies on alternative therapies for antenatal anxiety prevents a systematic review of efficacy of these therapies (Field 2017a). Physical exercise programs, including yoga, yoga and tai-chi, and aerobic exercise interventions are all effective in lowering symptoms of depression compared to control groups that engaged in care as usual (Field 2017b). A small randomized control trial of a mindfulness-based antenatal education program for mothers and fathers found improved perceived stress, anxiety and depression scores for mothers while anxiety and depression symptoms were reduced for fathers and mindfulness increased for fathers after the intervention (Warriner et al. 2018).
With the growing implications of the role of the gut microbiome in maternal mental health (Rackers et al. 2018), recent research has shown that probiotic treatment during pregnancy, in women with high levels of anxiety and depression, may be effective in decreasing postpartum anxiety and depression (Slykerman et al. 2017). This is an intriguing area of further research which will allowi for the development of safe alternatives for treatment of gestational stress and stress-related disorders on the parent–infant dyad.
Conclusions
In 1986, Moore and Power wrote: “Despite the long-term interest in the relationship of prenatal stress to behavioral development, there have been few efforts to measure changes in maternal behavior after stress during pregnancy” (Moore and Power 1986). Unfortunately, we still have far to go in our understanding of gestational stress effects on parental behaviors and related neurophysiology. There is a need for studies focused not only on how stress affects parental behaviors, but also on how this stress effects the parent–infant relationship. The transition to parenthood is a critical window for determining mental and physical health for parents in midlife and beyond (Saxbe et al. 2018) and should be treated as such. Parents and infants are not mutually exclusive entities, the behavior of one is driven by the behavior of the other, thus we should not neglect the importance of improving the transition to parenthood for the sake of the parent and child.
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Numerous studies have shown that if a mother is stressed while pregnant, this increases risk for her child developing a wide range of deleterious outcomes including chronic health, behavioral, and cognitive problems (for a review see Van den Bergh et al. 2005; Glover 2014; Entringer et al. 2015). For example, prenatal stress is associated—in prospective studies—with preterm birth and low birth weight (for review, see Wadhwa et al. 2002), deficiencies in intellectual and language functioning (e.g., Laplante et al. 2004), ADHD symptoms (e.g., Grossman et al. 2003), externalizing and anxiety problems (e.g., Glover 2011), and motor and mental developmental disorders (e.g., Kofman 2002). Although such findings are routinely interpreted in the human literature as evidence that prenatal stress disrupts “optimal” development, we consider a different view on how and why prenatal stress has been repeatedly associated with impaired functioning. Indeed, we build the case that prenatal stress programs postnatal developmental plasticity, further developing an argument first advanced by Pluess and Belsky (2011). In fact, we argue that this is why there exist links between prenatal stress and compromised postnatal development.
We begin this chapter by outlining the theoretical framework of differential susceptibility which has been used to guide much recent research on individual differences in environmental sensitivity (Belsky 1997, 2005; Belsky and Pluess 2009, 2013; Belsky et al. 2007; Ellis et al. 2011a, b). Next, we highlight empirical evidence that infant negative emotionality and physiological reactivity—two well-documented sequelae of prenatal stress—are themselves markers of increased susceptibility to both positive and negative developmental experiences (e.g., harsh parenting) and environmental exposures (e.g., poverty). Following this, we review a separate line of research that has consistently linked prenatal stress to these two susceptibility markers, heightened negative emotionality and physiological reactivity. This leads us to return to Pluess and Belsky’s (2011) hypothesis that prenatal stress programs postnatal plasticity, sharing recent evidence consistent with this proposition, including experimental research in which prenatal stress is manipulated, as is postnatal rearing, using an animal model. After reviewing this work, we outline future directions for research, focusing on mechanisms (e.g., changes in microbiota, placental transmission) that could instantiate enhanced plasticity and potential moderators (e.g., sex differences, timing) of prenatal-programming effects.
Differential Susceptibility
By applying an evolutionary analysis to human development, Belsky (Belsky 1997, 2005; Belsky and Pluess 2009, 2013) proposed that individuals should vary in their susceptibility (i.e., developmental plasticity) to environmental influences and especially those of the rearing environment (see also Boyce and Ellis 2005). This proposition was based on appreciation that the future is—and always has been—inherently uncertain. Thus, to maximize the likelihood of genetic material being passed from one generation to the next (i.e., reproductive fitness), natural selection should have crafted offspring to vary in their susceptibility.
The reasoning for this claim becomes apparent when we consider the case of an environmental mismatch between the rearing environment and the future context in which the developing individual finds him-/herself. If, for instance, an environmental mismatch occurred whereby the rearing environment did not match the adult environment, it could prove more costly for the individual whose development was heavily influenced by his or her early environment than, perhaps, the individual who was not—and might better fit that future environment. In an effort to mitigate this ever-present risk of a potentially changing environment, Belsky (1997, 2005) theorized that nature should have selected for humans to vary in their susceptibility to parental as well as other environmental influences. This way, not every individual would end up developmentally mismatched to his/her future environment when the rearing environment and the future environment turned out to be rather different (i.e., mismatched). Note that this is exactly the same logic that leads financial investors to diversify their investments, that is, not put all their proverbial eggs in one basket. The difference is that here consideration is focused on reproductive fitness—the dispersion of an individual’s genes in future generations—rather than money.
The evolutionary logic further stipulates that not only would the individual in question benefit from such diversification if she or he proved successful in passing on genes, but so would his parents/grandparents and siblings; and this is because they share genes with the individual who successfully reproduces (i.e., inclusive fitness). In fact, siblings would serve as “genetic insurance” against future risk for one another: If one sib’s environmentally induced developmental plasticity or lack thereof proved reproductively costly, due to a mismatch with a future environment, this individual could reap some genetic benefit from their sibling’s difference in susceptibility and, as a result, reproductive success. After all, half of the first sib’s genes would be passed on whenever the second sib successfully reproduced (and vice versa).
On the basis of this theoretical analysis, it follows that individuals should vary in their susceptibility to environmental influences, not just between families, but within families (i.e., siblings). One can think, typologically, then, of two developmental strategies: “plastic—or conditional—strategists” are those whose development is heavily shaped by their developmental experiences, whereas “fixed—or alternative—strategists” are those whose development is relatively unaffected by their early environment and whose development is more rather than less canalized (Belsky 2000). It should be appreciated that the kind of variation in developmental plasticity just illustrated may be best conceptualized in dimensional rather than typological ones, with some being more and some less susceptible to environmental factors and forces rather than some being highly susceptible and others not at all susceptible.
Having delineated the theoretical logic underlying differential-susceptibility thinking, attention is now turned to organismic factors associated with greater developmental plasticity. We consider first negative emotionality and, thereafter, physiological reactivity.
Negative Emotionality as a Phenotypic Indicator of Plasticity
Some of the earliest evidence documenting differential susceptibility to environmental influences emerged from research on temperament-X-parenting interaction (Belsky 1997, 2005; Belsky et al. 2007), a long-standing focus of developmental inquiry (Rothbart and Bates 2006; Slagt et al. 2016). Appreciation of the role that temperament might play in making some children more susceptible to environmental influences than others was not the result of any theoretical analysis or expectation but rather emerged as an empirical observation once evidence consistent with differential-susceptibility theorizing was sought. In reviewing relevant evidence, Belsky (2005) observed that the effect of rearing experience on a variety of psychological and behavioral outcomes was consistently greater for a subgroup of infants and toddlers who could be characterized as highly negatively emotional (e.g., irritable, fearful, inhibited) or as having a difficult temperament. Notably, even if such temperamental styles conferred developmental risk under aversive contextual conditions (e.g., maternal depression, harsh parenting), as long appreciated, they also predisposed children to benefit more than others from benign or especially supportive developmental circumstances (e.g., sensitive parenting, high-quality child care). Such enhanced susceptibility to effects of both positive and negative contextual conditions has been referred as increased likelihood of being affected “for better and for worse” (Belsky et al. 2007).
In Belsky and Pluess’ (2009, 2013) reviews of the differential-susceptibility-related literature, these scholars highlighted a range of evidence indicating that negative emotionality functioned as a plasticity factor. This included work documenting the heightened environmental sensitivity—“for better and for worse”—of children with high levels of negative emotionality in studies linking maternal empathy (Pitzer et al. 2011) and anger (Poehlmann et al. 2012) with externalizing problems; mutual responsiveness observed in the mother–child dyad with effortful control (Kim and Kochanska 2012); intrusive maternal behavior (Conway and Stifter 2012) and poverty (Raver et al. 2012) with executive functioning; sensitive parenting with social, emotional, and cognitive–academic development (Roisman et al. 2012); teacher–child conflict with change in symptomology during the primary-school years (Essex et al. 2011); mother’s depressive symptoms with child adjustment (Dix and Yan 2014); mother’s sensitivity with adolescent sleep problems (Conway et al. 2018); maternal responsiveness with adolescent allostatic load (Dich et al. 2015); and coercive parenting with adolescent alcohol use (Rioux et al. 2016). Perhaps qualifying some of these findings are the results of a recent meta-analysis of research on parenting-X-temperament interaction, as it revealed that the for-better-and-for-worse, differential-susceptibility-related effect associated with negative emotionality and difficult temperament was restricted to investigations that assessed these phenotypes in infancy, not later in life; in fact, when, meta-analytically, negativity was examined as a moderator of parenting effects at older ages, results proved consistent with diathesis-stress thinking (Slagt et al. 2016). Conceivably, this could be due to the fact that later negativity reflects effects of early adversity more than an inborn, organismic characteristic.
It is well appreciated that rearing effects chronicled in observational studies like those just cited may actually be the result of third variables (e.g., genetics) and not reflect true causal influence. This makes experimental research particularly important (Bakermans-Kranenburg and van IJzendoorn 2015). Especially notable, then, are findings from a recent randomized control trial evaluating the effects of an intervention designed to enhance children’s language development (Van den Berg and Bus 2014). In line with differential-susceptibility thinking, highly reactive children whose parents received the intervention showed the greatest increase in language development skills—and the poorest performance when randomized to the control group—with the intervention proving entirely ineffective for children who were not highly reactive. Just as noteworthy is Cassidy et al.’ (2011) work showing that an intervention designed to promote maternal sensitivity and, thereby, infant attachment security, only achieved the latter goal in the case of infants who evinced high irritability as newborns. Thus, findings from both observational and experimental investigations prove consistent with the proposition that negative emotionality is a behavioral indicator of enhanced developmental plasticity—for better and for worse.
Physiological Reactivity as an Endophenotypic Indicator of Plasticity
Boyce and Ellis’ (2005) also advanced an evolutionary-inspired differential-susceptibility model of environmental influences, referred to as the biological-sensitivity-to-context (BSC) framework. It differed from Belsky’s (Belsky 2005; Belsky and Pluess 2009, 2013; Belsky et al. 2007) in three ways. Whereas Belsky developed his ideas while reasoning, in the absence of any data, from first principles (i.e., the future is uncertain), the BSC model was based on a post-hoc interpretation of Boyce et al.’s (1995) unexpected findings. Second, whereas Belsky offered no ideas regarding mechanisms instantiating greater plasticity, Boyce and Ellis most certainly did, namely, physiological reactivity. In fact, whereas Belsky more or less presumed that variation in plasticity was a function of genetics and inborn characteristics, Boyce and Ellis hypothesized that it was environmentally induced. The third difference, then, was that one thinker privileged nature and the others nurture. Thus, according to Boyce and Ellis (2005), children with heightened physiological reactivity would be more affected by their environment—in a for-better-and-for-worse manner—than those not as physiologically reactive; and it was extremely supportive and unsupportive care that fostered such heightened physiological reactivity and, thereby, developmental plasticity.
Additional empirical support for BSC thinking emerged in the years since the theory was promulgated based on unsurprising findings (Boyce et al. 1995). Indeed, evidence consistent with the claim that more physiologically reactive children would prove more susceptible to environmental effects—for better and for worse—than other children has been detected in research evaluating effects of actual marital conflict (Obradović et al. 2011) and simulated interparental aggression (Davies et al. 2011) on externalizing problems; of family adversity on school achievement (Obradović et al. 2010); of attachment security, presumed to itself reflect rearing experience, on problem behavior (Conradt et al. 2013a); of changes in paternal depressive symptoms on child internalizing behavior (Laurent et al. 2013); of family aggression on post-traumatic stress symptoms/antisocial behavior (Saxbe et al. 2012); of the family environment on pubertal development (Ellis et al. 2011a, b); of teacher–child conflict on change in symptom severity (Essex et al. 2011); of harsh discipline on externalizing problems (Chen et al. 2015); and of family income on early executive function (Obradović et al. 2016).
Given concerns already raised about the limits of observational research when it comes to inferring causation, it is also notable that there also is some experimental evidence documenting the plasticity-enhancing role of elevated physiological reactivity. Specifically, highly reactive children notably benefited from a psychotherapeutic intervention designed to reduce problem behavior, whereas the same was not so for other children (Van de Weil et al. 2004). Thus, heightened physiological reactivity would also seem to function a susceptibility factor.
Prenatal Stress and Emotional/Physiological Reactivity
Evidence just summarized indicating that highly negatively emotional and physiologically reactive infants, toddlers, and perhaps children as well evince greater developmental plasticity than do others becomes especially intriguing when juxtaposed to independent evidence linking prenatal stress with both of these plasticity markers. It is well documented that prenatal stress, measured in a variety of ways (e.g., maternal anxiety, cortisol), predicts greater behavioral and physiological dysregulation in infancy and childhood. With regard to behavioral dysregulation, exposure to prenatal stress (e.g., maternal psychological distress, maternal cortisol) at different gestational times is associated with increased displays of sadness, frustration, and fear, as well as a stable disposition of heightened (negative) emotional reactivity (Van den Bergh et al. 2005; Huizink et al. 2002).
Research also documents associations linking maternal psychological stress during late pregnancy with the increased behavioral reactivity of 4-month-olds (Davis et al. 2004) and maternal psychological distress, during early pregnancy, to irregular sleeping and eating patterns of 6-month-olds and heightened inhibition and negative emotionality of 5-year-olds (Martin et al. 1999). Relatedly, higher levels of maternal cortisol in late pregnancy forecast fussier infant behavior, including more negative facial expressions and increased frequency of crying at 7 weeks of age (de Weerth et al. 2003). Especially noteworthy is research showing that elevated levels of both maternal cortisol in late pregnancy and psychosocial problems (i.e., anxiety and depression) in mid- and late pregnancy predict greater infant negativity at 2 months of age even when controlling for maternal postnatal psychological state (Davis et al. 2007).
Furthermore, a more recent prospective study explored the effects of prenatal stress, indexed via amniotic cortisol during the second trimester of pregnancy, on child’s birth weight and temperament at three months of age (Baibazarova et al. 2013). Results revealed that higher levels of amniotic cortisol predicted more negative temperament via reduced birth weight (i.e., cortisol ➔ birth weight ➔ temperament). In addition, low birth weight, which has been consistently linked to prenatal stress, even in genetically informed work (Rice et al. 2010), is associated with negative emotionality (Pluess and Belsky 2011). Notable, too, is work showing that pregnant women exposed to a natural disaster (i.e., the 1998 Canadian ice storm) who experienced greater subjective distress or illness/infection at various time points in their pregnancy had infants with more difficult temperaments; and these relations, too, remained significant after controlling for postpartum depression and major life events (Laplante et al. 2015).
In fact, a recent meta-analysis showed that prenatal stress, indexed by maternal psychological distress, exposure to major life events, and experiencing natural disasters, is associated with greater child negative affectivity (Van den Bergh et al. 2017). Although there is some evidence to suggest elevated cortisol levels during pregnancy are predictive of infant negativity (e.g., Davis et al. 2007), a meta-analysis examining the association between maternal cortisol levels during pregnancy and infant behavioral negativity yielded mixed results (Zijlmans et al. 2015b). Thus, it may be the case that maternal subjective experiences of stress during pregnancy is a better predictor of infant behavioral dysregulation than actual cortisol levels.
Turning to physiological functioning, research reveals that prenatal-stress exposure is associated with dysregulation of the hypothalamic–pituitary–adrenal (HPA) axis in infants and children, as reflected in greater maternal depression in mid-pregnancy predicting elevated basal cortisol concentrations in newborns (Field et al. 2004) and higher maternal cortisol in mid- and late pregnancy predicting greater cortisol response to a heel prick 24 hours after birth (Davis et al. 2011). These latter effects appear to be at least partly mediated via epigenetic changes in the glucocorticoid receptor gene (NR3C1) which encodes for glucocorticoid receptor (GR)—a major component of the stress response (Oberlander et al. 2008). Such effects on children’s cortisol levels—as a function of expectant-mothers’ heightened pregnancy-specific fears and cortisol levels measured at multiple times throughout pregnancy—extend to even the first day of school (Gutteling et al. 2005). The results of a natural experiment in humans positioned near the World Trade Center on 9/11 also document prenatal-stress effects on infant stress physiology; pregnant mothers present or near the 9/11 terrorist attacks who subsequently developed post-traumatic stress disorder (PTSD) had infants with dysregulated diurnal cortisol rhythms at 1 year of age relative to infants of other mothers (Yehuda et al. 2005). Similarly, pregnant mothers exposed to the 2008 Iowa flood later had toddlers who exhibited greater cortisol reactivity (Ping et al. 2015).
Furthermore, two meta-analyses found that dysregulation in child cortisol levels was predicted by (1) greater maternal cortisol during pregnancy (Zijlmans et al. 2015a b) and (2) a variety of stressors experienced prenatally including substance abuse and maternal distress (Pearson et al. 2015). These results are consistent with experimentally documented findings in rodent studies indicating that prenatal stress induced by restraint stress or social stress is associated with higher baseline and reactive-corticosterone levels in offspring (Maccari et al. 2014). In summary, then, diverse approaches to measuring prenatal stress, ranging from maternal psychological distress to maternal cortisol levels, highlight its effects on children’s emotional and physiological dysregulation postnatally.
Prenatal Programming of Postnatal Plasticity
Consideration of research indicating (a) that prenatal stress is associated with elevated behavioral and physiological dysregulation and (b) that such phenotypic functioning is associated with heightened susceptibility to positive and negative environmental influences led Pluess and Belsky (2011) to hypothesize that prenatal stress fosters, promotes, or “programs” postnatal developmental plasticity. If true, this hypothesis could account for many of the adverse, later developing phenotypes long associated with prenatal-stress exposure, including behavioral problems and academic difficulties: Perhaps the reason that prenatal stress is associated with problematic functioning in childhood and adolescence in observational research is because the very forces that engendered stress in pregnancy (e.g., poverty, unemployment, marital conflict, maternal depression) continue postnatally for many children whose prenatal experience fostered heightened developmental plasticity. Thus, when these children are exposed, postnatally, to conditions of adversity that persist beyond pregnancy, they prove especially susceptible to their adverse influence.
Notably, the same prenatal-programming process could also account for why beneficial effects of prenatal stress have sometimes been detected in studies of well-resourced families. Consider in this regard DiPietro et al.’s (2006) work showing that prenatal stress, measured via maternal psychological distress during mid-pregnancy, predicted better infant mental scores in a well-educated, mostly white, and married sample (DiPietro et al. 2006). Quite conceivably, the prenatally stressed infants who postnatally encountered supportive rearing environments proved especially sensitive and responsive to the psychological and behavioral “nutrients” available to them and thus disproportionately flourished due to their prenatally induced and enhanced developmental plasticity. In summary, would-be prenatal-stress effects may not so much be directly the result of the prenatal experience but rather reflect the enhanced influence of the postnatal environment on children especially susceptible to both supportive and unsupportive developmental experiences and environmental exposures.
When Pluess and Belsky (2011) first postulated their prenatal-programming-of-postnatal-plasticity hypothesis, based on the two independent literatures highlighted in the opening paragraphs of this paper, they provided accompanying empirical evidence to support their claims. One relevant investigation relied on data from the NICHD Study of Early Child Care (Early Child Care Research Network 2005) and linked prenatal stress—indexed via low birth weight—to infant negative emotionality which, in turn, was associated with infants being more susceptible to for-better-and-for-worse parenting effects on behavioral and cognitive functioning (Pluess and Belsky 2011). More recently, longitudinal work by Sharp et al. (2015) revealed that maternal prenatal anxiety, measured during late pregnancy, increased children’s developmental responsiveness to postnatal maternal stroking during the first few weeks of life with regard to later anxious/depressive symptoms. In this case, children—and especially girls—exposed to high levels of prenatal maternal anxiety evinced greater anxious/depressive symptoms when they experienced limited maternal stroking postnatally yet very little symptomology when exposed to a great deal of maternal stroking. The same was not true of children whose mothers experienced little anxiety during pregnancy. Although these results are consistent with prenatal programming of postnatal plasticity, it should be noted that the sample size was modest (N = 243) for detecting such an interactive effect and is thus in need of further replication. Despite this, in both cited works, regression slopes linking the environmental-exposure predictor with the measured outcome revealed that those exposed to high levels of prenatal stress manifest both the highest and lowest levels of all study members on the outcomes measured, depending on the quality of their postnatal care.
Further evidence of prenatal programming of postnatal plasticity comes from research comparing preterm and full-term babies. There is a substantial body of work showing psychosocial stress to be an etiological risk factor for preterm birth (Shapiro et al. 2013)—even when controlling for other well-known risk factors (e.g., twin pregnancy, tobacco use, infection, premature contractions; Lilliecreutz et al. 2016). Thus, preterm birth can be considered a marker of prenatal stress. Pertinent to the issue of prenatal programming of postnatal plasticity, then, is an investigation which examined the differential effects of the caregiving environment on infant cognitive and social functioning in preterm and full-term infants (Gueron-Sela et al. 2015). Results revealed that preterm infants were more developmentally responsive to their caregiving environment, evincing the greatest social and cognitive functioning of all children when exposed to a high-quality caregiving environment but the lowest social and cognitive functioning when they experienced a low-quality caregiving environment. Notably, caregiving quality did not predict social and cognitive development in the case of full-term infants. These findings are in line with those of earlier work which chronicled stronger associations between maternal responsiveness and cognitive growth in the case of preterm infants than full-term ones (Landry et al. 2001). In fact, an intervention designed to promote maternal responsiveness proved successful in doing so, but when it came to effects on children’s development, the benefits of being in the experimental group rather than the control group proved greater in the case of children born preterm rather than full term (Landry et al. 2006).
Similarly, a study by Nichols et al. (2017) found that the effects of maternal sensitivity during childhood on adult wealth were moderated by gestational age—a proxy for prenatal-stress exposure. Specifically, individuals who were small for gestational age (i.e., exposed to greater prenatal stress) were more affected, in terms of their adult wealth, by the quality of maternal sensitive they received during childhood than individuals who were average for gestational age. For those small for gestational age, greater childhood maternal sensitivity predicted greater adult wealth, while less childhood maternal sensitivity predicted lower adult wealth.
Even if all the findings reviewed through this point appear consistent with the claim that prenatal stress promotes enhanced susceptibility to postnatal experiences—via heightened negative emotionality and physiological reactivity (or preterm birth/low birth weight)—the work cited is not without limits. As already noted, observational studies in particular do not provide a basis for strong causal inference. After all, a mother could carry certain genes which increase her chances of becoming anxious or depressed during pregnancy, genes which she could pass on to her child which, in turn, could make him or her more susceptible to postnatal environmental influences. Were that the case, we would have misinterpreted much of the evidence reviewed in discussing the claim that prenatal stress programs postnatal plasticity. One obvious scientific solution to this empirical conundrum would involve experimentally increasing the stress of pregnant women in order to determine if this affects infant emotional and/or physiological reactivity. But even if this proved to be the case—were such unethical research undertaken—there would still be the issue of differential susceptibility to postnatal environmental influences.
In circumstances such as this, one way to proceed to further the empirical evaluation of a hypothesis of interest—in this case the prenatal-programming hypothesis—is to conduct an animal experiment. And this is what we proceeded to do, using prairie voles (Microtus ochrogaster) as our experimental subjects (Hartman et al. 2018). We chose prairie voles as study animals because they display key characteristics of social monogamy and selective social behavior, including preference for a familiar partner, an emotional attachment to the pair-mate, and male care of offspring. Social attachments are a key aspect of the early environment for humans and many other mammalian species (Mason and Mendoza 1998). Other common rodent models, like rats and mice, do not form selective social attachments (except filial attachment) as adults, whereas prairie voles, like humans, do so. Furthermore, prairie voles naturally vary in the amount of care they display toward their pups—and this is so—in trait-like fashion across multiple litters (Perkeybile et al. 2013). Thus, prairie voles are an excellent animal to use in cross-fostering paradigms—that afford the contrasting effect of more and less supportive parenting—when testing hypotheses based on findings from human studies.
Our study design involved, in its first stage, assigning pregnant voles on a random basis to a social-stress or no-stress condition during the last week of pregnancy. Those assigned to the experimental group were exposed to an unfamiliar and lactating—hence, aggressive—female vole for 10 min/day for 5 consecutive days, using a plexiglass divider to keep the animals separate (and physically unharmed). This paradigm is known to increase stress reactivity in offspring, both behaviorally and physiologically (Brunton and Russell 2010). Those in the control condition were left undisturbed.
The second stage of our investigation occurred postnatally when the offspring born to both experimental and control mothers were cross-fostered, again on a random basis, to either high- or low-quality (unrelated) rearing parents. We felt confident in characterizing the two groups of parents this way because we utilized a previously established method of quantification that has been shown to be effective in distinguishing high- and low-quality parents in prairie voles (Perkeybile et al. 2013). Specifically, we recorded parenting behaviors (e.g., nursing, contact, licking, and grooming) before the start of the experiment to quantify each pair’s natural level of parenting (Perkeybile et al. 2013). These parenting scores were summed, and the top-ranked quartile became the high-quality parental group and the bottom quartile the low-quality parental group in the cross-fostering phase of our experiment.
In sum, the research we undertook used a 2 (Prenatal Stress: Yes vs. No) X 2 (Postnatal Rearing: High vs. Low quality) research design. Based on everything stipulated through this point, we predicted that large differences would emerge in the development of the prenatally stressed voles reared under high- and low-quality conditions—due to their heightened susceptibility to rearing effects—but that the same would not be true of those voles not exposed to stress prenatally. Moreover, we hypothesized that group differences would take the for-better-and-for-worse, differential-susceptibility-related form: The prenatally stressed voles would score highest and lowest of all four groups of voles on the outcome variables measured (see next paragraph), with the scores of the unstressed voles falling in between.
For the most part, results of our experiment proved consistent with expectations and, thus, the prenatal-programming-of-postnatal-plasticity hypothesis in that stressed voles were more developmentally responsive to the rearing environment than voles not prenatally stressed. Specifically, voles cross-fostered to high-quality rearing environments displayed, as adults, the least behavioral and physiological reactivity of all voles when subjected to a stressor (i.e., forced swim) but the most if they were exposed by low-quality rearing environments. In fact, in the case of voles in the control condition that were not prenatally stressed, rearing environmental quality exerted no effect whatsoever on later reactivity. Notably, in attempt to illuminate brain processes that might mediate the effects of prenatal stress on postnatal plasticity, we discovered that voles prenatally stressed and cross-fostered to high-quality rearing environments had the most vasopressin 1a receptor density in the amygdala. We chose this potential mediating factor to study because it was previously shown to be related to anxiety behavior and social functioning (Carter et al. 2008).
Future Research Directions
The fact that our experimental animal study generated results strikingly consistent with what has been found in human research provides strong evidence that prenatal stress programs postnatal plasticity, at least in voles. Even so, research to date documenting the potential beneficial effects of prenatal stress—when matched with a supportive postnatal environment—remains limited. This dearth of research is likely due to the almost exclusive focus on the adverse effects of prenatal stress with little consideration of postnatal experiences; and this itself is due to the fact that even when the interaction of prenatal and postnatal environments is considered, it is usually examined in terms of the “risk and resilience” or diathesis-stress framework (Zuckerman 1999). This results in an exclusive focus on pathological outcomes (e.g., anxiety, depression, cognitive disorders, poor health), which leaves little opportunity to illuminate the (postnatal) conditions under which prenatal stress may actually promote more rather than less competent development. Clearly, future research should investigate the interaction between the quality of the prenatal and postnatal environments on outcomes which can range from positive (i.e., high functioning) to negative (i.e., low functioning).
Having said that, there are many other ways that future inquiry could seek to illuminate the prenatal programming of postnatal plasticity. In what follows, we consider first a variety of study designs with humans that could be used to determine the effects of prenatal stress on susceptibility to postnatal environmental influences. Thereafter we turn attention to potential mechanisms instantiating postnatal plasticity via prenatal stress, as these too merit future attention. Finally, we entertain the prospect that some individuals may be more susceptible than others to prenatal-stress effects in hopes of encouraging future work on moderators of the enhanced-plasticity programming process under consideration.
Human Research Designs
As described previously, a major limitation of prenatal-stress research is genetic similarity of mother and fetus which confounds prenatal-stress effects with genotypic effects. Fortunately, one may address this limitation using different study designs, some of which include adoption, gestational cross-fostering, interventions, and natural experiments.
Utilizing adoption studies is a potentially fruitful avenue of research considering that the prenatal environment would be unrelated to the postnatal one, much akin to cross-fostering experiments in animals (presuming adoptive and biological mother are themselves unrelated). Such research would, of course, necessitate gathering measurements of the stress the biological mother experienced during pregnancy which may present formidable challenges. Nevertheless, by using adoption studies, one could effectively disassociate the prenatal effects from the postnatal ones while controlling for genetic influence. This empirical direction would seem to be especially worth pursuing because pregnant mothers who place children for adoption may be under a greater amount of distress than the average population, potentially leading their infants to being especially developmentally plastic. However, another potential challenge that may be encountered with such adoption research is that children often experience several caregiving settings (e.g., multiple foster homes; institutional care) prior to a stable placement (Rubin et al. 2007). Hence, these children may not only be exposed to several rearing conditions that may vary in quality but also experience these contexts at different time periods which may, in turn, be more or less influential in programming their development (i.e., timing effects). Therefore, investigators pursuing this line of research should explore how both the differing quality and timing of exposure to these various settings may influence children’s developmental trajectories.
Similar to adoption studies, a gestational cross-fostering research design innovated and employed by Rice et al. (2009) may also help disentangle the effects of genetics and the prenatal environment. Specifically, Rice et al. (2009) studied prenatal effects on child development by examining mothers who were either biologically related or unrelated to their child as a product of in vitro fertilization. By comparing these pairs, Rice et al. (2009) were able to determine the influence of the prenatal environment independent of genetic continuity. Future work may also utilize this novel design in order to distinguish prenatal-stress effects from genetic ones.
Another desiderata of future research should be to determine whether effective treatments for prenatal anxiety and depression—essentially experiments which downregulate prenatal stress—reduce infant’s susceptibility to postnatal environmental influences. It is quite conceivable that any randomized control trials (RCTs) seeking to reduce prenatal stress may already provide experimental evidence as to whether the postnatal rearing environments of women randomized to control/no-treatment conditions actually exert more influence—or at least predictive power—than those of women successfully treated for their anxiety and depression prenatally. We hypothesize that the association between postnatal experiences (e.g., parenting quality) and child development would be weaker for experimental mothers who received (and responded positively to) stress-reducing treatment during pregnancy and stronger for the control group whose stress was not downregulated. It should be noted, however, that interventions aimed at reducing stress during pregnancy may also affect the postnatal environment. For example, an intervention designed to reduce anxiety during pregnancy by providing the mother with coping skills and/or emotion regulation strategies may very well influence mother–child interactions. Thus, one would need to account for any intervention effects on measurements of postnatal environmental quality when interpreting the effects of prenatal-stress interventions on child susceptibility.
Natural experiments, including exposure to natural disasters, might also afford insight into prenatal-stress effects on postnatal plasticity due to their random nature. Specifically, one benefit of utilizing these types of investigations is that the stressor is an objective hardship, in which duration and intensity can be measured, that is randomly distributed in the population. Hence, experiencing a natural disaster is independent of the mother’s personality, behavior, and genetic predisposition, unlike other forms of stressors such as interpersonal conflict (e.g., Jaffee and Price 2007). This type of work could, potentially, further illuminate prenatal-stress effects by reducing the amount of maternal confounding factors. Having said this, investigators would be wise to entertain the possibility that some mothers may be more sensitive to the adverse experience of a natural disaster than others (i.e., differential susceptibility).
Mechanisms of Plasticity
In turning to consider candidate biological mechanisms potentially instantiating developmental plasticity resulting from prenatal stress, we draw on ideas advanced by Boyce and Ellis (2005) and Moore and Depue (2016). Given the ubiquitous effects of prenatal stress and thus numerous possible mechanisms, we should make clear that we will be limited in our focus. While acknowledging that prenatal stress has significant effects on neural activation and connectivity (e.g., Buss et al. 2010), epigenetic machinery (e.g., non-coding RNAs, DNA methyltransferas​es; Cruceanu et al. 2017), and inflammation processes (e.g., Coussons-Read et al. 2007), all of which could be potential biological mechanisms instantiating postnatal plasticity as a result of prenatal stress, these will not be considered in detail in this report.
Stress Responsivity
As described previously when introducing BSC, heightened reactivity of the HPA system is the key mechanism proposed by Boyce and Ellis (2005) responsible for enhanced sensitivity to the environment. Recall, also, that increased physiological reactivity has consistently been linked to prenatal-stress exposure. Thus, it would follow that prenatal stress would foster greater physiological reactivity and, thereby, increased developmental plasticity (i.e., prenatal stress ➔ greater physiological reactivity ➔ increased plasticity). Although portions of this process have been studied in isolation, the entirety of this potential mechanistic pathway has yet to be evaluated empirically. In addition, by examining this candidate pathway, we are likely to identify additional biological processes that contribute to the instantiation of environmental sensitivity (e.g., epigenetics, neural connectivity).

Consider in this regard the growing interest in the mediating role of epigenetics with respect to effects of prenatal stress on physiological reactivity. Most epigenetic studies have focused on the programming effects of early postnatal life with the seminal study by McGowan et al. (2011) showing that, in rats, early postnatal stress influences hippocampal DNA methylation in the promoter region of NR3C1, the gene coding the glucocorticoid receptor (GR), which, among many other factors, regulates the stress response. Notably, research in both humans and animals suggests that prenatal stress may induce the same epigenetic modifications in homologous promoter regions of NR3C1. For example, Mueller and Bale (2008) found that, in mice, prenatal stress increased stress reactivity and hypothalamic methylation in the promoter region of NR3C1. Several human studies using neonatal cord blood have found that prenatal anxiety (Hompes et al. 2013), maternal exposure to interpartner violence (Radtke et al. 2011), and depressive symptoms (Conradt et al. 2013b; Oberlander et al. 2008), all indisputable markers of prenatal stress, are associated with differential methylation patterns in the promoter region of NR3C1. In fact, one recent investigation examining pregnant mothers exposed to chronic stress in the Democratic Republic of Congo showed that infants had differential methylation patterns across several genes (i.e., CRH, CRHBP, NR3C1, and FKBP5) shown to regulate the HPA axis (Kertes et al. 2016). Notably, these methylation patterns were associated with infant birth weight.
Even if most epigenetic work has focused primarily on methylation of the candidate gene NR3C1, prenatal-stress effects on stress reactivity undoubtedly involve a cascade of multiple genetic, endocrine, and epigenetic factors. Thus, even if less well-studied than the HPA system, it should be appreciated that the sympatho-adrenomedullary (SAM) system is another crucial component of the stress response, one involved in the release of catecholamines such as norepinephrine (NE) and epinephrine (E). Even if most catecholamines are metabolized by enzymes in the placenta, results of several studies suggest that reduced amounts are still transferred from mother to fetus; moreover, the fetus can produce its own catecholamines in response to maternal stress (for a review see Merlot et al. 2008). Although the effect of prenatal stress on fetal exposure to catecholamines and later postnatal development remains unclear, one investigation did find that maternal E and NE levels during pregnancy predicted infant soothability—and thus negative emotionality—thereby raising the possibility that maternal activation of the SAM system may be linked to postnatal plasticity (Wroble-Biglan et al. 2009).
However limited the research thus far, NE was highlighted by Moore and Depue (2016) as a key regulator of environmental reactivity. These scholars hypothesized that high levels of NE would modulate environmental effects—for better or for worse. Specifically, high levels of NE under stressful conditions would produce hypervigilance and impaired cognition, whereas higher levels of NE under supportive circumstances could yield ideal levels of attention to facilitate exploration and ability to take advantage of opportunities in the environment. Therefore, NE could have an important role in regulating developmental plasticity.
In sum, prenatal stress appears to have significant effect on programming the HPA system, via epigenetic mechanisms and, potentially, the SAM system. Relatedly, prenatal stress is known to affect brain areas such as the prefrontal cortex, hippocampus, and amygdala that also regulate the HPA axis (Lupien et al. 2009). While outside the scope of this review, it is likely that the functioning and connectivity of these regions has a major role in developmental plasticity (Moore and Depue 2016). Therefore, their relation to prenatal stress should be explored further (see also Chap. 3 “The Developmental Effects of Prenatal Maternal Stress” and Chap. 5 “Epigenetic Effects of Prenatal Stress”).
Serotonin
Although prenatal stress involves a cascade of complex and diverse endocrine actions, serotonin may be of particular importance when considering programming effects. Serotonin, a neurotransmitter that is widely distributed throughout the brain, is crucial for neuronal development early in life, operating in two major ways: (1) as a growth factor regulating development of neural systems (Whitaker-Azmitia et al. 1996) and (2) as a trophic factor regulating synaptogenesis and dendritic pruning (Gaspar et al. 2003). It seems likely, therefore, that if prenatal stress affected these processes during fetal development, then the developing child could be influenced in lasting ways. After all, serotonin activity is known to play a role in regulating, perhaps most notably, stress reactivity later in life (Canli and Lesch 2007).

As it turns out, there is ample evidence in animal studies that prenatal stress produces lasting alterations in the serotonin system (Van den Hove et al. 2006; Mueller and Bale 2008; Miyagawa et al. 2011). For example, prenatally stressed mice evince lower serotonin transporter levels and a depressive-like phenotype (Mueller and Bale 2008). In humans, increased maternal depressive mood during the second trimester of pregnancy is associated with reduced methylation in the promoter region of maternal and infant SLC6A4, the locus of the serotonin gene which codes for the serotonin transporter (Devlin et al. 2010). Thus, it appears that prenatal stress exerts programming effects on the serotonin system which is not surprising given the evidence that the HPA and serotonin systems are cross-regulated (see St-Pierre et al. (2016) for review).
In addition to prenatal-stress effects, the serotonin system has been linked to variation in developmental plasticity. In fact, the serotonin transporter-linked polymorphic region (5-HTTLPR) of SLC6A4 is one of the most well-studied genetic polymorphisms found to be associated with individual differences in susceptibility to environmental influences. Consider in this regard that individuals carrying one or more short alleles evince “for-better-or-for-worse” plasticity when the rearing predictor and child outcome are, respectively, maternal responsiveness and moral internalization (Kochanska et al. 2011); child maltreatment and antisocial behavior (Cicchetti et al. 2012); stressful life events and preschool-onset depression (Bogdan et al. 2014); and supportive parenting and positive affect (Hankin et al. 2011). Just as significantly, 5-HTTLPR short alleles have been linked to greater negative emotionality and physiological reactivity, outcomes associated with prenatal stress as previously reviewed, in both humans and non-human primates (e.g., Lakatos et al. 2003; Champoux et al. 2002).
Given evidence that prenatal stress produces alterations in the serotonin system and that the serotonin system appears to be systematically related to variation in developmental plasticity, it stands to reason that serotonin could be a key mechanism for instantiating prenatal-programming effects. Investigators examining use of selective serotonin reuptake inhibitors (SSRIs) on women during pregnancy may thus want to consider effects on offspring susceptibility to environmental influences.
Oxytocin and Vasopressin
Oxytocin (OT) and arginine vasopressin (AVP) are two closely related nonapeptides thought to influence, among other things, the regulation of social behavior (e.g., attachment, affiliation, social dysfunction; Carter et al. 2008; Carter 2014). Additionally, OT and AVP play a critical role in regulating the HPA axis. Specifically, OT can attenuate the stress response by downregulating the sympathetic nervous system (Carter 2014), while AVP mRNA expression plays a critical role in regulating anxious and depressive behaviors (Wigger et al. 2004).

OT, though not AVP, was highlighted by Moore and Depue (2016) as a mechanism for instantiating environmental responsivity. Indeed, some evidence indicates that single-nucleotide polymorphisms (SNPs) in the OT receptor gene (OTR) moderate environmental effects in a differential-susceptibility-like fashion. Specifically, SNPs in OTR moderate effects of perceived threat on charitable behavior (Poulin et al. 2012); of socioeconomic status on obesity risk (Bush et al. 2017); of alcohol use on aggressive behavior in men (Johansson et al. 2012); of supportive parenting on adolescent social anxiety (Olofsdotter et al. 2017); and of harsh parenting on young-adult allostatic load (Brody et al. 2016).
Even though variations in OT have been primarily studied with respect to effects of maternal care and other early postnatal experiences and exposures, there is some evidence to suggest that it may also be subject to prenatal programming. A study by Unternaehrer et al. (2016) found that maternal cortisol during the second trimester predicted greater oxytocin-receptor methylation in neonatal cord blood. And in rats, the negative effects of prenatal stress on social behavior were reversed by oxytocin administration (Lee et al. 2007). However, given its critical role in quality of early maternal care, it will be imperative for future research to distinguish the effects of the prenatal vs. postnatal environment on differences in OT.
As compared to OT, AVP has received far less empirical attention with respect to either early-life effects or variation in susceptibility to environmental influences. Nevertheless, there is reason to believe that AVP has a central—and perhaps even greater—role than OT when it comes to prenatal-programming effects. Consider in this regard the aforementioned vole study by Hartman et al. (2018); it found that vasopressin 1a receptor density in the amygdala helped account for the effect of high-quality rearing in the case of prenatally stressed animals. Although oxytocin-receptor binding was also examined as a possible mediator of such prenatal-stress effects, no evidence for such a role emerged.
Further evidence of the special significance of vasopressin relative to oxytocin is research indicating (a) that effects of prenatal stress on social memory in rats is mediated by vasopressin 1a receptor mRNA expression but not oxytocin receptors (Grundwald et al. 2016) and (b) that prenatal exposure to AVP or caffeine, but not OT, alters learning in female rats (Swenson et al. 1990). Also of significance is that whereas OT is first detected a few days following birth, AVP can be detected in the prenatal and perinatal periods in the fetal brain and is thought to play a significant role in central nervous system maturation (Bloch et al. 1990; Tribollet et al. 1991). Thus, alterations in AVP may be a prime target of inquiry in investigations of mechanisms instantiating prenatal programming of postnatal plasticity.
With respect to susceptibility to environmental effects, there is extremely limited work investigating whether variations in AVP are associated with differences in susceptibility. However, data have indicated the relevance of the AVPR1A polymorphism, the gene coding for vasopressin 1a receptor, on human behavior, with studies documenting main effects of AVPR1A variants on autism (Kim et al. 2002), age of first sexual intercourse (Prichard et al. 2007), and pair-bonding behavior in men (Walum et al. 2008). More relevant to this chapter is evidence that variation in the AVPR1A is related to differences in environmental sensitivity. At a neurological level, AVPR1A variants differentially predict amygdala reactivity to faces (Meyer-Lindenberg et al. 2009). In addition, a study by Poulin et al. (2012) found that the AVPR1A polymorphism interacted with perceived threat to predict commitment to civic duty in a for-better-and-for-worse, differential-susceptibility-related manner. Specifically, individuals who carried the short/long genotype had the highest commitment to civic duty under low-perceived-threat conditions but the lowest commitment under high-perceived-threat conditions. For other genotypes, there was no association between perceived threat and civic commitment. Likewise, research by Tabak et al. (2015) showed that administration of intranasal AVP, but not OT, increased empathic concern but only if individuals were exposed to high levels of childhood paternal warmth. There was no association between intranasal AVP and empathetic concern under conditions of low paternal warmth; thus, this study documented variation in sensitivity to the positive environment only, a phenomenon referred to as vantage sensitivity (Pluess and Belsky 2013). In sum, research indicates that the AVP system is sensitive to prenatal effects and appears to be linked to human social behavior and environmental sensitivity. Future work should consider variations in AVP as a candidate mechanism by which prenatal stress may instantiate postnatal plasticity.
Also worth considering is that prenatal-stress effects on AVP may be mediated through increases in fetal androgen exposure. The vasopressin system is sexually dimorphic and highly steroid responsive. For example, in rats, castration results in a significant decrease of vasopressin expression, while testosterone replacement ameliorates such effects (DeVries et al. 1985). In humans, prenatal stress is tied to higher fetal cortisol, and, unlike adults, fetal cortisol and testosterone are positively correlated (Gitau et al. 2005). Likewise, multiple studies document effects of prenatal stress on masculinization of the brain and behavior, especially in females (e.g., Anderson et al. 1985). Findings such as these led Del Giudice and associates (2018) to hypothesize that fetal androgen exposure may increase developmental plasticity, a proposition that also seems worthy of empirical attention.
The Placenta
Recent investigations of prenatal programming have begun to explore the role of the placenta as a key mediator of prenatal-stress effects on fetal development. The placenta is an organ that serves as the interface between mother and fetus and can quickly adapt to changes from the maternal environment (e.g., prenatal stress). The role of the placenta is well-known in actively modulating vital functions of the fetus, such as nutrient and oxygen exchange (Jansson and Powell 2007), but it also plays a pivotal role in the production and modulation of glucocorticoids and amines.

In particular, the placenta affects HPA axis regulation in both the mother and fetus. Specifically, the placenta produces CRH in response to cortisol which modulates the maternal HPA axis in a positive loop. In addition, the placenta plays a protective role against maternal cortisol by inactivating it using the placental barrier enzyme 11β-hydroxysteroid dehydrogenase Type II (11β-HSD2). This results in only 10–20% of the cortisol from maternal circulation reaching the fetus (Gitau et al. 1998). Intriguingly, in rats, prenatal stress induced by restraint stress not only increased maternal cortisol but also was linked to a reduction in the expression and activity of the placental 11β-HSD2 (Peña et al. 2012). In turn, these epigenetic changes in placental 11β-HSD2 were themselves related to DNA methylation in the fetal brain as well as increases in fetal corticosterone levels (Peña et al. 2012). Furthermore, in humans, greater maternal anxiety measured 1 day prior to birth predicted lower gene expression of placental 11β-HSD2 (O’Donnell et al. 2012); this is noteworthy because decreased activity of placental 11β-HSD2 is associated with early development, including fetal growth restriction (Börzsönyi et al. 2012), prematurity (Demendi et al. 2012), and low birth weight (Mikelson et al. 2015).
Considered together, it appears that prenatal stress may alter the transplacental barrier via epigenetic changes in 11β-HSD2, thereby resulting in increased fetal exposure to maternal cortisol, with consequences for phenotypic outcomes. Evidence to such an effect comes from a study by Glover et al. (2009) which examined women at various stages of their pregnancy ranging from early to late. They found that the correlation between maternal and amniotic fluid cortisol levels was greater in women with elevated anxiety compared to less anxious women (Glover et al. 2009). Similarly, prenatal stress may increase placental permeability, and thus fetal exposure, to other hormones. In humans, prenatal stress indexed by maternal psychological distress during late pregnancy has been associated with increased levels of serotonin and NE transporters as well as a downregulation of monoamine oxidase in placental cells which would lead to increased intrauterine availability of these hormones (Blakeley et al. 2013; Ponder et al. 2011). Thus, a major mechanism by which prenatal stress may affect the fetus is through alterations to the placental barrier which increase fetal exposure to select hormones (Aye and Keelan 2013; Seckl and Holmes 2007).
Overall, then, the work cited suggests that prenatal stress may increase fetal sensitivity to maternal influences via greater placental permeability. Consequently, one might begin to consider whether all placentas are equally reactive to fluctuations in maternal physiology or whether there might be differences in how sensitive the placenta is, thereby moderating maternal effects on the fetus. Indeed, this might be especially the case given that the functioning of the placenta is also influenced by the fetus. One might imagine that some placentas may be very sensitive to changes in maternal physiology, such as greater stress, thus rapidly adjusting accordingly, whereas other placentas may be more resilient and need stronger or more consistent maternal signals to respond. This would have consequences for the fetus with some being more protected than others from the placental changes induced by prenatal stress.
As it turns out, placentas do appear to differ in their sensitivity to maternal signals. One recent study of rats revealed that the placental response of 11β-HSD2 to prenatal stress in the form of social and restraint stress administered daily throughout pregnancy depends on the genetic make-up of the mother (Lucassen et al. 2009). Specifically, rats selectively bred for high anxiety and exposed to prenatal stress showed a greater reduction in placental 11β-HSD2 compared to their low-anxiety counterparts. Furthermore, there is variation in the placental response to stress based on the sex of the fetus. For instance, in response to prenatal stress, placentas of male fetuses tend to become insensitive to glucocorticoid levels, with females remaining sensitive (reviewed in St-Pierre et al. 2016). This observation suggests that males and females have opposing adaptions to prenatal stress, with males increasing growth at the risk of decreased survival while females experiencing reduced growth to promote survival (St-Pierre et al. 2016).
Supporting this animal research, a study done in humans found that the association between prenatal maternal depression and infant negative affectivity was moderated by placental gene expression of 11β-HSD2, NR3C1, and NR3C2, key genes that metabolize and regulate glucocorticoids in the placenta (Zhang et al. 2018). Specifically, prenatal maternal depression predicted greater infant negative affectivity only when placentas exhibited lower gene expression of 11β-HSD2, NR3C1, and NR3C2. This lower expression of 11β-HSD2, NR3C1, and NR3C2 is thought to contribute to higher fetal exposure to glucocorticoids (Conradt et al. 2013b; Zhang et al. 2018). Thus, there may be differences in how placentas respond and adapt to prenatal stress with some being more resilient than others.
Given this emerging research, future studies should investigate the role of the placenta in the prenatal programming of postnatal plasticity. It is clear that the placenta plays a major role in transmitting maternal signals, including stress, to the fetus. It may be the case, as already suggested, that some placentas are more responsive to maternal stress than others which may either attenuate or amplify the effects of prenatal stress (see also Chap. 4 “Prenatal Programming in the Fetus and Placenta”).
Intestinal Microbiota
An additional way that prenatal stress may affect a child’s susceptibility to environmental influence is through the colonization of intestinal microbiota. It has become increasingly clear that intestinal microbiota influences brain development and behavior via the microbiome–gut–brain axis. For example, alterations in the microbiome have been linked to psychological disorders including depression and anxiety (see Sherwin et al. (2016) for a review). Specifically, animal studies have shown that germ-free and antibiotic-treated mice exhibit anxiety-like and depressive-like behavior as well as alterations in the serotonergic, neurotrophic, and HPA systems (Bercik et al. 2011). Intriguingly, if treated with probiotics, mice showed a reduction in anxiety-like and depressive-like behavior (Bravo et al. 2011)—an effect which has been replicated in humans (Messaoudi et al. 2011).

Particularly relevant to this report, microbiome patterns have been linked to temperament and stress physiology—two established markers of developmental plasticity. A number of animal studies indicate that the microbiome regulates activation of the HPA axis with germ-free mice and rats showing elevated stress responses (see Sherwin et al. (2016)) for a review). In human infants, microbiota patterns have been linked to negative temperament with lower diversity and stability of microbiota during the first weeks of life predicting greater crying, fussiness, and colic (de Weerth et al. 2013; Pärtty et al. 2012). Moreover, a study by Christian et al. (2015) found that patterns of bacterial diversity were related to sociability and activity levels during early childhood.
Interestingly, a separate line of work has established prenatal stress as a predictor of infant intestinal microbiota. For example, preterm birth status, highlighted previously as a marker of prenatal stress and associated with potential heightened plasticity, has been associated with alterations in the infant microbiome (Barrett et al. 2013; Moles et al. 2013). Barrett et al. examined the composition of developing microbiome in a sample of preterm infants and found that although preterm infants at 2–4 weeks had large inter-individual variation in fecal microbiota, they exhibited bacterial compositions lacking diversity and dominated by Enterobacteriaceae, a potentially pathogenic bacterium. In comparison, normal gestational age infant’s typical microbiome is dominated by the presence of Bacteroides, Lactobacillus, and Bifidobacterium. However, it should be noted that this study was limited by a small sample size and subjects had variation in antibiotic usage. Similar findings in another study compared to infants of normal gestational age at birth with preterm infants and found preterm infants also had lower levels of bifidobacteria (Moles et al. 2013). Thus, prenatal stress as indexed by preterm birth appears to be affecting infant microbiome composition. This evidence taken together with the previously described work suggesting that preterm infants may be more affected by postnatal experiences indicates that these changes in microbiota composition might play a role in this pathway.
Additionally, Bailey et al. (2004) found that in rhesus monkeys exposed to prenatal stress, it resulted in reduced overall concentrations of both bifidobacteria and lactobacilli in their offspring. Another investigation, using mice, revealed that prenatal stress predicted offspring intestinal microbiota as well as anxiety-like behavior in adults (Gur et al. 2017). These findings extend to humans with both subjective reports of stress and cortisol exposure during pregnancy predicting differences in infant microbiota diversity which, in turn, are linked to infant health (Zijlmans et al. 2015a, b).
Taken together, this literature calls attention to another potential mechanistic pathway instantiating enhanced developmental plasticity: prenatal stress affects infant intestinal microbiota which, in turn, influences environmental susceptibility, perhaps through temperamental negativity. This suggests that there may be utility in evaluating whether intake of probiotics during infancy and early childhood is linked to reduced plasticity via easier temperament.
One important consideration to this proposition, however, is the growing literature indicating that breastfeeding influences infant intestinal microbiota (Penders et al. 2006). Specifically, breastfed infants at 1 month of age show a different intestinal microbiota profile than formula-fed infants; and this is so even when accounting for other factors known to affect infant intestinal microbiota (e.g., method of delivery; Penders et al. 2006). Additionally, there is evidence that prenatal maternal depression may affect whether and how long mothers breastfeed and that breastfeeding may reduce maternal postpartum depression (Figueiredo et al. 2014). Thus, future research aimed at identifying whether changes in infant intestinal microbiota are a mechanism by which prenatal stress influences postnatal plasticity should also consider the influence of breastfeeding on infant microbiota composition and the quality of the postnatal environment (see also Chap. 8 “The Microbiome-Gut-Brain Axis”).
Potential Moderators of Plasticity
Having highlighted select candidate mechanisms which may link prenatal stress and enhanced developmental plasticity, attention is now turned to potential moderators that may enhance or reduce the effect of prenatal stress on susceptibility to postnatal environmental influences.
Genetic Moderation of Prenatal-Stress Effects
As previously noted, there is evidence, in humans, that prenatal stress appears to increase postnatal plasticity. Notably, some gene-X-environment interaction work calls attention to the possible genetic moderation of such prenatal programming. As previously noted, the serotonin transporter-linked polymorphic region (5-HTTLPR) is a genetic variant which has been frequently identified as a genetic marker of plasticity with the short-allele carriers showing greater variation in response to postnatal environmental exposures (Belsky and Pluess 2009, 2013; Van IJzendoorn et al. 2012). Pluess et al. (2011) tested the hypothesis that it would be fetuses carrying the 5-HTTLPR short allele who, if exposed to elevated levels of maternal anxiety prenatally (measured via self-reported anxiety mid-pregnancy), would be most likely to develop negatively emotional temperaments; results proved consistent with this proposition.

A study by Babineau et al. (2015) extended this work upon examining the interaction of prenatal depression and 5-HTTLPR in predicting infant and early childhood behavioral dysregulation. These investigators observed that greater prenatal depression measured mid- or late pregnancy predicted more infant and early childhood dysregulation from 3 to 36 months of age but, like Pluess et al. (2011), only for short-allele carriers of 5-HTTLPR (Babineau et al. 2015). Notably, the detected genetic moderation took the form of differential susceptibility—because, when children with short alleles were exposed prenatally to maternal depression, they had the highest levels of dysregulation but, when exposed to lower or little prenatal depression, they had the lowest levels. Finally, a recent inquiry by Green et al. (2017) revealed that prenatal depression measured mid- to late pregnancy interacted with a polygenic profile score that was, in part, based on 5-HTTLPR in predicting infant negative temperament. After compositing a number of “susceptibility” alleles (i.e., genetic variants shown to make individuals more environmentally responsive) from 5-HTTLPR and the dopamine-receptor D4 (DRD4) gene, results indicated that prenatal depression only predicted greater infant negative emotionality for those carrying more susceptibility genotypes.
Given this work documenting genetic moderation of prenatal-stress effects on infant temperament, we would encourage future investigators not only to expand their genetic focus beyond the two candidate genes just highlighted but also consider maternal genotype. After all, genetic make-up of the fetus may not only moderate prenatal-stress effects on the infant, but maternal genotype might affect whether mothers differ in their stress-related responses to potentially stress-inducing experiences and exposures. It is possible, after all, that mothers with more susceptible genotypes experience greater subjective stress than do others even when exposed to the same would-be stressor. Because the fetus and mother are biologically related, it will be important to disentangle maternal-genotypic effects from fetal-genotypic effects, possibly through adoption studies, gestational cross-fostering (Rice et al. 2009) or, in the case of animal studies, cross-fostering. It is certainly conceivable that fetal and maternal genotype could interact when it comes to prenatal stress influencing the postnatal plasticity of offspring.
Furthermore, there is clear potential for future studies to examine how allelic variation interacts with epigenetic changes to influence offspring developmental plasticity. Other work has demonstrated the need for such research by showing interactions between serotonin variants and resultant methylation globally or in specific HPA genes after early-life or prenatal stress (Sjaarda et al. 2017; van der Doelen et al. 2017). In addition, the candidate gene approach is limited by our current knowledge of target genes and possibly erroneous assumptions about the function of such genes. Unbiased, genome-wide studies are being utilized to address such limitations and could also be applied to the effects of prenatal stress on postnatal plasticity and other outcomes.
Sex Differences
Sex differences in response to prenatal stress are often of specific interest especially in animal studies. In rats, some commonly investigated outcomes of prenatal stress, such as anxiety-like behavior and hippocampal neuroplasticity, have been found to be sex-dependent such that females display greater anxiety-like behavior while males show decreased hippocampal neuroplasticity as a result of prenatal stress (Zuena et al. 2008). Other prenatal-stress outcomes, including depression-like behavior, appear not to differ between males and females (Van Waes et al. 2011). In human research, it is even less clear whether and how sex interacts with prenatal stress. One inquiry, using data from pregnant mothers who were exposed to a natural disaster, revealed that higher levels of hardship during pregnancy predicted greater infant irritability but only for boys (Simcock et al. 2017). Importantly, other research finds girls to be more sensitive to prenatal-programming effects (e.g., Sharp et al. 2015). These mixed findings may partly be due to sex-dependent differences in the outcome of interest. For example, boys present more frequently with intellectual impairment and childhood behavioral disorders related to prenatal stress, whereas girls may develop subtler, later-onset anxiety and affective disorders in response to the same prenatal exposure (Davis and Pfaff 2014). Thus, whether one discerns prenatal-stress effects for only males or only females may depend on whether one is investigating, respectively, male- or female-biased phenotypes.

It seems quite possible that there may be different biological mechanisms in males and females that are activated by prenatal stress. As stated previously, the response of the placenta due to prenatal stress appears to differ for male and female. Additionally, work with rodents indicates that prenatal stress increases hedonic preferences in males but such preferences are reduced in females due to lower estrogen levels (Reynaert et al. 2016). Taken together, this work suggests that sex may have a significant role in moderating prenatal-stress effects; however, more research is needed to determine whether there are consistent sex differences in response to prenatal stress and, specific to the prenatal-programming hypothesis, whether, should that be the case, this translates into sex-based differences in postnatal plasticity resulting from prenatal stress.
Timing and Type of Prenatal Stress
It is clear from the work reviewed herein that many different types of stressors can influence child development, including maternal anxiety and depression (O’Connor et al. 2003; Van den Bergh et al. 2008), pregnancy-specific anxiety (Huizink et al. 2002), and exposure to acute disasters such as a Canadian ice storm (Laplante et al. 2008) and the 9/11 terrorist attacks (Yehuda et al. 2005). This diversity of stressors also extends to animal work, some of which include repeated restraint (e.g., Henry et al. 1994), electric shock (e.g., Takahashi and Kalin 1991), chronic-unpredictable stress (e.g., Mueller and Bale 2008), and social stress (e.g., Brunton and Russell 2010). These different types of stressors are likely to vary in intensity, duration, and predictability, all of which may result in divergent effects on the mother and fetus.

In particular, evidence indicates that the intensity of prenatal stress may matter with respect to its postnatal consequences. In the previously mentioned work of DiPietro et al. (2006), mild prenatal stress was found to positively affect infant motor development and cognitive ability, at least in the advantaged sample under investigation. Such results led the authors to propose a curvilinear response to prenatal stress with the greatest negative effects emerging under intense and chronically stressful conditions and the most positive effects resulting from conditions of mild to moderate stress. This hypothesis was empirically confirmed using data on pregnant women who experienced the aforementioned Canadian ice storm (Laplante et al. 2008).
Clearly this body of research indicates that the intensity of a stressor should be considered when seeking to understand its effects on the child. Future work should also seek to determine whether the distinctive effects of varying intensity of stress applies equally to different types of stressors (e.g., depression vs. anxiety vs. daily hassles vs. bereavement) and why that might be the case. Perhaps, different stressors are linked to unique physiological profiles in mothers and therefore exert varying effects on their fetus. Important to note, though, is that multiple stressors frequently co-occur, thus making this research proposition somewhat difficult to address, at least with humans. However, other work, examining the unique influence of particular components in a stressful environment, has shown that specific experiences, even if related, may be more or less salient in affecting child development (Hartman et al. 2017).
Relatedly, the timing of prenatal stress may also be important to consider. For example, it has been suggested that perturbations early in pregnancy are likely to produce more severe neurological insults than later stressors, perhaps via effects on placental functions and neural organization (Watson and Cross 2005). Notable, then, is evidence that exposure to stress in the first trimester rather than later in gestation heightens the risk of schizophrenia (Khashan et al. 2008). Also, work by Davis and Sandman (2010) shows that the effects of maternal cortisol on infant cognitive development are dependent on timing of exposure. In fact, whereas higher maternal cortisol levels early in gestation predicted lower mental development scores in offspring, the very same physiological condition predicted better mental development when it occurred late in gestation! Intriguingly, the opposite seems true when it comes to prenatal-stress effects on emotional and behavioral problems during childhood (O’connor et al. 2002). Clearly, it should not be assumed that when it comes to the timing of prenatal stress, that effects will be most pronounced when stress occurs early in pregnancy.
Conclusion
In this chapter, we have presented and provided evidence for the claim that prenatal stress promotes developmental plasticity by increasing susceptibility to postnatal environmental experiences and exposures (Pluess and Belsky 2011). In addition to reviewing the Pluess and Belsky (2011) proposal and citing new evidence consistent with it, we have considered how such enhanced plasticity might be instantiated and which children might be most susceptible to such prenatal-stress effects. In so doing we have further developed a view of prenatal stress profoundly different from the prevailing one which considers only adverse effects of such early-life experience. It is our hope that the evidence and ideas advanced herein will stimulate further research by encouraging other investigators to look at the potential “upside” of prenatal stress when infants experience supportive rearing milieus postnatally.
Even if more empirical support is needed, the work we have cited and the argument we have advanced have the potential to inform policy and intervention. Specifically, if prenatal stress programs greater developmental plasticity, then it would suggest early intervention for families under stress may be especially impactful. For example, identifying families that have experienced high levels of stress during pregnancy and providing increased support during the child’s early life could prevent the deleterious outcomes so often associated with prenatal stress (e.g., psychopathology), thereby promoting greater child wellbeing. Hence, it may prove beneficial for interventions to take into account not only the levels of hardship following the birth of the child but also the amount of stress that occurred prenatally.
Similarly, the idea that prenatally stressed children are more sensitive to their postnatal environments can extend to adoption and foster care work. As stated previously, mothers who place their child for adoption or have their child placed in foster care are likely to have experienced greater levels of stress during pregnancy. Therefore, it may be of great value to focus interventions on enhancing the quality of the environment these infants are placed into by providing resources and support to adoptive and foster parents. In addition, re-framing prenatally stressed infants as “sensitive” rather than “at-risk” or “vulnerable” may encourage more adoptions out of foster care which is linked to substantially better child functioning and could, in turn, relieve an already taxed foster care system (Kemp and Bodonyi 2000).
Lastly, the idea that prenatal stress may not be an exclusively detrimental experience may help alleviate the issue of pregnant mothers “worrying about worrying.” It has been well popularized in both academia and the media that stress during pregnancy can lead to a constellation of adverse child sequelae. While it is important to take stress during pregnancy seriously, it may be beneficial under certain circumstances to reassure expectant mothers that stress during pregnancy may not be of detriment to the developing baby. For example, in situations where stress is unavoidable (e.g., grief, natural disasters, experiencing a pandemic), it may be of great relief to hear that prenatal stress can potentially be beneficial if paired with supportive postnatal milieu.
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Introduction
Accumulating evidence supports the fetal programming and developmental origins of health and disease (DOHaD) hypotheses, which posit that in utero experiences have lifelong influences on physical and mental health (Barker 1998; Gluckman and Hanson 2004; O’Donnell and Meaney 2017). Programming refers to the effects of an environmental signal acting during a sensitive developmental period to influence the construction of organ systems. Because the fetal brain and other organ systems are rapidly developing, they may be particularly vulnerable to programming effects of environmental signals of stress. Pregnancy is also a sensitive window of development for the mother (Glynn et al. 2018; Glynn and Sandman 2011; Kim 2016) during which the plastic maternal brain may also be susceptible to the programming effects of stressors (Leuner et al. 2014).
Less often acknowledged in fetal and maternal programming research is that striking variation exists in maternal and fetal/child outcomes following gestational stress. Some individuals exhibit better-than-expected functioning. This variation underscores the probabilistic rather than deterministic nature of development in the context of risk (Cicchetti and Curtis 2006; Doyle and Cicchetti 2018; Luthar et al. 2000; Masten and Cicchetti 2016). Developmental psychopathology and resilience perspectives emphasize that deviations from the “expectable environment” direct some individuals toward maladaptation and disease risk, whereas other individuals function well when confronted with the same challenges (Cicchetti and Lynch 1995; Luthar 2006; Luthar et al. 2000; Masten 2001). Under these theoretical frameworks, resilience is defined as positive adaptation in the context of risk or adversity and requires that two conditions be met: there is (1) exposure to significant threat or adversity shown to be associated with maladaptive outcomes and (2) positive adaptation or competence in spite of the threat or adversity (Luthar et al. 2000; Masten 2018; Masten and Cicchetti 2016). Individuals are not considered resilient if they have not experienced a significant threat to their development; instead, they are characterized in terms of “how well” they are functioning or developing (Masten 2001). Furthermore, resilience is conceptualized as a dynamic process arising from transactions among many systems within (e.g., behavior, biology) and outside (e.g., family, community) an individual over time, rather than a static state or trait-like attribute (Luthar et al. 2000; Masten and Cicchetti 2016). Decades of resilience research has focused on uncovering protective factors that support resilience from infancy into early adulthood. However, very little research has examined resilience processes in the fetal period and in the pregnancy phase of the female lifespan.
This chapter aims to apply principles of developmental psychopathology and resilience science to gestational stress research, and, in doing so, develop a roadmap to encourage future research in this area. Understanding resilience during gestation requires operationalization of (1) developing systems, (2) threat/adversity, (3) positive functioning or outcomes (for reasons we describe in the following section, we use this terminology rather than positive adaptation), and (4) promotive and protective factors in this context. In defining these terms, we will both draw from established research focused on resilience outside of this developmental phase and attend closely to the unique aspects of this developmental window for fetus and mother. We will then discuss methodological considerations for gestational resilience research and implications for prevention and intervention.
Integrating Developmental Psychopathology and Resilience Science with Fetal and Maternal Programming Perspectives
Integration of developmental psychopathology and resilience science with maternal and fetal programming perspectives requires careful attention to terminology. For the purposes of this chapter, we use the term “stress” to refer to exposure to significant threat or adversity. In the fetal programming literature at large, gestational stress is a heterogenous construct which encompasses many factors thought to impact the in utero environment (Doyle and Cicchetti 2018; Huizink and De Rooij 2018; King et al. 2012; O’Connor et al. 2014). “Stress” has been used to denote both objective, external forces which act upon the maternal-fetal dyad and effects of those external forces as experienced subjectively or reflected psychologically, physiologically, or behaviorally within the dyad. We are interested in both maternal and fetal resilience in response to stress, which we propose are distinguishable yet intimately linked processes. We therefore focus here on external or preexisting stressors which are (1) associated with maternal functioning (as reflected in her psychology, physiology, or behavior) and (2) hypothesized to influence the fetus via altered maternal functioning.
In developmental psychopathology and resilience science, the term “positive adaptation” is used to denote good functioning or outcomes, such as competence in salient age-appropriate tasks or the absence of psychopathology, in the face of stress or adversity (Luthar et al. 2000). Over the last decade, fetal (and maternal) programming research has increasingly incorporated evolutionary-developmental frameworks, wherein the term “adaptation” takes on a fundamentally different meaning (Del Giudice 2012; Gluckman and Hanson 2004). Evolutionarily speaking, adaptation refers to an active process by which an organism adjusts or “calibrates” (Del Giudice et al. 2011) its developmental trajectory to better suit its environment. A primary implication is that what is adaptive in a low-stress context may not be adaptive in a high-stress context.
In applying an evolutionary-developmental lens to the fetal programming and DOHaD hypotheses, “adaptation” refers to the ways in which the fetus modifies its developmental trajectory to fit the anticipated environment into which it will be born based on maternal signals regarding the quality of the environment (Gluckman and Hanson 2004). Such a “predictive adaptive response” is proposed to result in positive functioning if the postnatal environment does in fact match that predicted by the prenatal environment. However, if there is an environmental mismatch, risk for poor outcomes may be increased (Belsky 2012; Gluckman and Hanson 2004; Gluckman et al. 2005).
Belsky and colleagues (Hartman and Belsky 2018; Pluess and Belsky 2011) have posited that because the future is inherently uncertain, the prenatal environment may not accurately predict the postnatal environment, and, therefore, it may not always be beneficial for the fetus to canalize its development according to prenatal conditions. They have proposed an alternative hypothesis – that gestational stress promotes or programs postnatal developmental plasticity. This hypothesis represents an extension of the evolutionary-developmental differential susceptibility (Belsky and Pluess 2009) and biological sensitivity to context models (Boyce and Ellis 2005), which posit that individuals vary in their susceptibility to environmental influences. Belsky and colleagues (Hartman and Belsky 2018; Pluess and Belsky 2011) propose that studies have consistently linked exposure to gestational stress with adverse developmental outcomes because stressors encountered prenatally are likely to continue postnatally. They suggest that the same programming process could explain findings demonstrating positive outcomes in the face of moderate levels of gestational stress among well-resourced families (e.g., DiPietro et al. 2006), consistent with the concept of “steeling effects” in the resilience literature (see Rutter 2012).
In research focused on maternal programming during pregnancy, “adaptations” refer to maternal physiological, psychological, and behavioral changes which support gestation, labor, and delivery, and the onset and maintenance of maternal behavior (for reviews, see Bos 2017; Glynn et al. 2018; Napso et al. 2018). From a life history perspective, these adaptations represent the mother’s evolutionarily optimal “investment” in the fetus (in evolutionary biology, terms like “investment,” “strategy,” “cooperation,” and “conflict” are used to describe processes of natural selection and do not imply conscious behavior; Del Giudice 2012). Maternal investment in the fetus supports the transmission of her genes to future generations, but the increased nutritional demands of a pregnancy may increase maternal vulnerability to disease, decrease her ability to care for existing offspring, and/or leave her with fewer resources for future reproduction (Haig 1993). Maternal investment is proposed to be calibrated to the quality of her current environment (e.g., its safety, predictability, resource availability), her somatic resources (age, physical health, nutritional state), the quality and quantity of her current offspring, the “vigor” of the fetus, and her likelihood to have offspring in the future (Haig 1996).
A related evolutionary perspective, maternal-fetal conflict theory (Haig 1993, 1996; Trivers 1974), suggests that what is adaptive for the mother might not always be adaptive for the fetus, and vice versa. Much of gestational biology involves cooperation between mother and fetus (Fowden and Moore 2012; Haig 1993). However, because the fetus only inherits half of its genes from its mother and shares a maximum of half of its genes with its mother’s future offspring, the level of resources the fetus demands may be more than what is in the mother’s long-term reproductive interests to supply (Fowden and Moore 2012; Haig 1996). In other words, the genetic interests of the mother and fetus are only partially overlapping (Haig 1996). It is suggested that the mother can constrain fetal genetic drive for growth, and, in turn, the fetus can manipulate maternal physiology, presumably through the production of placental hormones that serve as allocrine factors (see “Placenta” under “Developing Systems” section below; Del Giudice 2012; Fowden and Moore 2012; Haig 1993, 1996). Del Giudice (2012) has recently extended the maternal-fetal conflict paradigm to gestational stress. He suggests that the mother and fetus have conflicting goals regarding fetal exposure to stress hormones because of the potential role of these hormones in determining postnatal plasticity (Hartman and Belsky 2018; Pluess and Belsky 2011). In his conceptualization, the mother “favors” increased fetal exposure to stress hormones as a mechanism of both signaling the state of the environment and promoting the fetus’s later openness to behavioral influences from her and other caregivers. In response, the fetus attempts to reduce maternal responsivity to stressors via increases in placental hormones. Del Giudice (2012) suggests that because stress hormones are physiologically “costly,” maternal-fetal conflict may result in less-than-optimal outcomes for both mother and fetus.
Cumulatively, these evolutionarily-developmental perspectives regarding fetal and maternal programming converge on a common proposition – that adaptation manifests differently in low-stress versus high-stress environmental contexts. However, these theories do not contend that adaptation always results in positive functioning or outcomes. In addition to the possibility for an adaptation to lose its function or become maladaptive if the quality of the environment changes (Belsky 2012; Del Giudice 2012; Gluckman and Hanson 2004; Gluckman et al. 2005), extreme maternal-fetal adaptations in response to severe stress may have consequences for functioning and disease risk (Del Giudice 2012). To successfully integrate developmental psychopathology and resilience science with fetal and maternal programming research and to avoid confounding terminology, we propose that maternal and fetal resilience be conceptualized as good or better-than-expected functioning or outcomes in the face of stress and use this as our definition hereafter (See also Chap. 3. The Developmental Effects of Prenatal Maternal Stress and Chap. 13. Prenatal Programming of Postnatal Plasticity).
Developing Systems
Developmental psychopathology and resilience science perspectives assert that understanding the course of development is necessary to determine whether an individual is functioning well in the face of stress or adversity (Masten and Cicchetti 2016). These theoretical perspectives also emphasize that an individual’s development and capacity for positive functioning depend upon dynamic and bidirectional interactions across levels of functioning within the individual and between the individual and the environment. Gestation represents a particularly unique developmental context, as three systems are developing in concert: fetus, placenta, and mother. We briefly review here developmental processes in these systems and their interplay. We believe that understanding these processes will assist in uncovering potential pathways of resilience, including the possibility that there are coordinated and/or separate mechanisms of maternal and fetal resilience.
Fetus
The fetal period constitutes a sensitive window of development, during which the fetal brain and other organs follow an intricate and rapid timetable of growth and organization (Charil et al. 2010; Rice and Barone 2000). Within the first gestational month, components of the fetal central nervous system are already formed and differentiated, and, following prolific neurogenesis, neuronal migration, differentiation, synaptogenesis, apoptosis, and myelination occur (Rice and Barone 2000). These processes are subject to alterations by intrauterine exposures, including maternal and placental signals of stress, with potential long-term effects on brain structure and function (Davis et al. 2019; Marečková et al. 2019; Sandman et al. 2018).
A major advantage to studying development in utero is that the potential effects of stress on development can be examined prior to potential confounding postnatal influences. Birth weight is a widely used proxy for fetal growth, but some investigations have examined trajectories of fetal growth with serial measures of fetal biometry (e.g., O’Brien et al. 2018). Fetal heart rate (FHR), fetal movement, and their coupling are established indices of central and autonomic nervous system maturation which demonstrate continuity with infant neurobehavior and are associated with postnatal developmental outcomes (DiPietro et al. 2007; Kinsella and Monk 2009; Sandman et al. 2011). Studies have demonstrated that gestational stressors are associated with differential patterns of FHR and fetal movement during periods of rest and in response to stimulation (e.g., Class et al. 2009; DiPietro et al. 2010; Doyle et al. 2015; Glynn and Sandman 2012). Recent advances in non-invasive fetal magnetic resonance imaging have supported research into developmental trajectories of functional brain connectivity in utero (van den Heuvel and Thomason 2016) and their associations with postnatal developmental outcomes (Thomason et al. 2018). Most research has focused on the far-reaching consequences of intrauterine exposure to stress on development, with essentially no consideration of potential processes of fetal/child resilience in the face of gestational stress.
Mother
Less frequently acknowledged is that pregnancy is also a sensitive window of development for the mother (Glynn et al. 2018; Glynn and Sandman 2011; Kim 2016). Developmental psychopathology and resilience science approaches recognize that development occurs throughout the lifespan (Cicchetti 2013; Cicchetti and Toth 2009; Masten and Cicchetti 2016) and that there may be enhanced potential for new vulnerabilities and strengths to emerge during transitional or “turning points” (Cicchetti 2013; Luthar et al. 2000; Rutter 1996). Pregnancy arguably represents such a turning point in the female lifespan, during which women experience significant biological and psychological change. These changes support gestation, labor, and delivery, and the onset and maintenance of maternal behavior (Bos 2017; Glynn et al. 2016, 2018; Napso et al. 2018; Torgersen and Curran 2006).
Pregnancy initiates structural and functional modifications in the maternal brain. An extensive nonhuman animal literature indicates that neuronal, dendritic, and synaptic plasticity occur in numerous brain regions (see Bridges 2016; Slattery and Hillerer 2016; Workman et al. 2012). Several studies in humans have documented changes in the maternal brain as a function of pregnancy (see Barba-Müller et al. 2019), such as substantial reductions in gray matter volume which are observable until at least 2 years post-pregnancy and associated with maternal behavior (Hoekzema et al. 2017).
Pregnancy also involves progressive adaptations in maternal cardiovascular, respiratory, metabolic, endocrine, and immune systems (for reviews, see Napso et al. 2018; Torgersen and Curran 2006). A biobehavioral alteration of particular relevance to our discussion is progressive downregulation of maternal responsivity to stress (De Weerth and Buitelaar 2005; Slattery and Neumann 2008). Responsivity of the maternal hypothalamic-pituitary-adrenal and sympathetic-adrenal-medullary systems are dampened with advancing gestation (Matthews and Rodin 1992; Nisell et al. 1985; Schulte et al. 1990), as are psychological responses to stressors such as major life events and natural disasters (Glynn et al. 2001, 2004). Decreased maternal stress responsivity may serve to protect the mother and fetus from deleterious effects of strong reactions to environmental stressors (Glynn and Sandman 2011; Slattery and Neumann 2008), and women who do not show this decline appear to be at risk for preterm birth (Buss et al. 2009; Glynn et al. 2008).
Research has suggested that there are additional psychobiological adaptations during pregnancy, including an enhanced ability to recognize negative emotions (Pearson et al. 2009, 2011) and a heightened sensitivity to negative affective stimuli (Roos et al. 2012), which are hypothesized to promote threat detection and harm avoidance. Studies have demonstrated that pregnant women display a specific attentional bias for infant distress during pregnancy, which may also be adaptive, as higher levels of bias are associated with more optimal mother-infant bonding (Dudek et al. 2018; Pearson et al. 2011). Maternal feelings of attachment toward the fetus are shown to increase over gestation (Fleming et al. 1997), as are levels of the attachment-related neuropeptide oxytocin (Altemus et al. 2004; Dawood et al. 1979). Greater increases in oxytocin from early to late pregnancy are associated with greater increases in maternal feelings of attachment (Levine et al. 2007), and higher levels of oxytocin during pregnancy are associated with postpartum maternal attachment and behavior (Feldman et al. 2007). Again, the primary focus of research into the effects of stress on maternal adaptation and health during pregnancy has been on its potential consequences. We discuss this literature in the “Gestational Stress” section below (See also Chap. 12. Gestational Stress and Parenting).
Placenta
The fetal and maternal environments are fundamentally regulated and integrated by the placenta, which is of fetal origin. The placenta is the interface and area of exchange of signals between mother and fetus (Fowden and Moore 2012). In addition to its role in modulating intrauterine homeostasis through nutrient, gas, and waste exchange (Bronson and Bale 2016), the placenta has endocrine, immune, and vascular properties (Napso et al. 2018; Petraglia et al. 1996). It produces a host of hormones, including neuropeptides, pituitary-like hormones, growth factors, steroid hormones, and monoamines, which are secreted by both maternal-facing and fetal-facing trophoblasts (for reviews, see Bronson and Bale 2016; Mesiano 2018; Napso et al. 2018). Most placentally-produced hormones are identical to those produced in endocrine tissues of the non-pregnant adult and therefore can act as allocrine factors, binding to maternal hormone receptors and adjusting maternal physiology to benefit mother and/or fetus (Mesiano 2018; Napso et al. 2018). In turn, signals of environmental stress or adversity are relayed to the placenta by maternal and fetal biological factors and appear to influence the structure and function of the placenta (see Bronson and Bale 2016).
Among the many hormones produced by the placenta and of particular relevance to gestational stress is corticotrophin-releasing hormone (CRH), the primary regulator of the hypothalamic-pituitary-adrenal (HPA) axis, a key stress response system in the body (see Smith and Vale 2006; Tsigos and Chrousos 2002). Placenta CRH production both influences and is influenced by maternal and fetal stress signals. Increased placental CRH in the maternal plasma acts on the maternal HPA axis, contributing to the rise in maternal cortisol levels over gestation (Goland et al. 1994; Sasaki et al. 1989). Placental CRH may also play a role in the progressive blunting of maternal HPA axis responsiveness to stressors via increased negative feedback inhibition (Entringer et al. 2010; Schulte et al. 1990). Placental CRH simultaneously influences fetal stress hormone production and aspects of fetal brain development (Howland et al. 2017). Both maternal and fetal cortisol stimulate placental CRH expression, establishing parallel positive feedback loops. Placental CRH is viewed as a mechanism by which the fetus can mount its own stress response and accelerate the timing of delivery to “escape” adverse intrauterine conditions (Florio et al. 2002; Sandman 2018). Elevated placental CRH levels are observed in stress-related intrauterine conditions such as reduced uterine blood flow, nutrient restriction, and infection (Giles et al. 1996; Herrmann et al. 2001; Torricelli et al. 2011) and among women with higher levels of cortisol (Glynn et al. 2007; Sandman et al. 2006), elevated psychological distress (Glynn and Sandman 2014; Rich-Edwards et al. 2008), and lower levels of social support (Hahn-Holbrook et al. 2013). Therefore, placental CRH may represent an integrative pathway by which stress signals of both maternal and fetal origin shape maternal and fetal functioning in response to stress (Sandman 2018) (See also Chap. 4. Prenatal Programming in the Fetus and Placenta).
Developmental Cascades
In developmental psychopathology and resilience science, developmental cascades refer to the spreading and cumulative effects of interactions and transactions across different levels of a developing system, across different developing systems, or across generations (Masten and Cicchetti 2010). We propose that the concept of developmental cascades is of particular relevance to gestation and to uncovering potential pathways of resilience. We highlight here three potential types of developmental cascades.
Maternal-Fetal Bidirectional Cascades
That maternal-fetal communication is bidirectional indicates the potential that maternal-fetal resilience processes are reciprocally influenced. The placenta facilitates maternal-to-fetal transfer of gases, nutrients, hormones, and immune factors (see Bronson and Bale 2016; Griffiths and Campbell 2015; Malek 2013).
Many studies have focused on the potential effects of maternal biological, psychological and behavioral functioning on the developing fetus (see Bussières et al. 2015; Howland et al. 2017; Korja et al. 2017; Madigan et al. 2018; Sandman et al. 2016). Maternal external stressors, emotional states, and behaviors are presumed to operate on fetal development through maternal physiological signals and their impacts on placental function (Blakeley et al. 2013; Coussons-Read et al. 2007; DiPietro 2010; Giesbrecht et al. 2012; Gustafsson et al. 2018; Kane et al. 2014). These maternal biological parameters have been associated with brain and behavioral outcomes from fetal into adult life.
There is evidence that fetal signals in turn shape maternal development. One pathway is exposure to fetoplacental hormones, which modulate maternal physiological adaptation to pregnancy and motherhood (Napso et al. 2018). These hormones may have other effects on maternal functioning; for example, there is evidence that placental hormone levels are associated with maternal psychopathology (Bloch et al. 2003; Glynn and Sandman 2014; Skrundz et al. 2011). A second potential fetal signaling mechanism is fetal motor activity. Fetal movements transiently stimulate maternal sympathetic arousal throughout gestation (DiPietro et al. 2013, 2015). DiPietro et al. (2015) have suggested that these fetal signals may act to redirect maternal arousal patterns toward the behavior of the fetus and away from competing environmental stimuli in preparation for motherhood. Fetal microchimerism represents a third fetal-to-maternal signal. Fetal cells have been detected in maternal plasma and in a number of maternal tissues decades after delivery (Chan et al. 2012) and may have both positive and negative effects on maternal health (Boddy et al. 2015; Kallenbach et al. 2011; Munoz-Suano et al. 2011). Fetal cells appear to migrate to the maternal brain during pregnancy and, because they are totipotent, may differentiate into cells that could participate in neural circuitry and chemical communication. Interestingly, these cells are preferentially found in brain regions involved in maternal behavior (Tan et al. 2005), suggesting they may play a role in priming of the maternal brain for motherhood.
Relatively little is known about the undoubtedly complex mechanisms by which mother and fetus influence one another in the face of stress. We suggest that the scope of this research be expanded to consider potential resilience processes.
Maternal Lifespan Cascades
Pregnancy represents a developmental phase in the lifespan of a woman which is influenced by her prior development and influences her subsequent development. Maternal early life and cumulative experiences may modulate her adaptation during pregnancy. A relatively nascent but growing body of literature considers how maternal experiences of stress or adversity during early life may relate not only to the timing of pregnancy (i.e., accelerated life history strategy; Nettle et al. 2011) but also health and behavior during pregnancy. Because we and others conceptualize maternal early life adversity as a stressor that may contribute to adverse outcomes during pregnancy, we include it as a stressor and review associations with maternal/fetal outcomes in the “Gestational Stress” section below. It should be noted that, to our knowledge, studies to date have assessed maternal early life adversity exclusively via retrospective self-report measures. Obvious limitations include the potential confounding effects of self-report bias and current stress or adversity, although most studies do attempt to adjust for current maternal conditions in analyses. It is plausible that experiences during early life sensitive periods have not only unique but cascading effects on cumulative development and adaptation during pregnancy. Narayan et al. (2016) reported that maternal victimization in early childhood was associated with higher risk for physical intimate partner violence (IPV) during pregnancy. Other studies have linked maternal early life adversity with exposure to traumatic and stressful life events during pregnancy (Castro et al. 2003; Huth-Bocks et al. 2013). Moreover, associations between early adversity and functioning during pregnancy may be moderated by current stress or adversity. Tung et al. (2019) demonstrated that maternal early adversity was associated with elevated emotional distress during pregnancy only in the face of heightened current adversity (IPV). They additionally reported that moderate early adversity was associated with a “steeling effect” (lower emotional distress in the face of IPV), whereas more extreme early adversity amplified associations between IPV and emotional distress during pregnancy. Cumulative or chronic exposures to stressors such as homelessness (Stein et al. 2000) and discrimination (Lu and Halfon 2003) may operate through increases in allostatic load to contribute to adverse outcomes during pregnancy.
In turn, pregnancy is associated with maternal short- and long-term health outcomes. Consistent with the notion that new vulnerabilities and strengths can be uncovered during “turning points” in development (Cicchetti 2013; Luthar et al. 2000; Rutter 1996), pregnancy has been conceptualized as a “stress test” which can reveal susceptibility to disease (Sattar and Greer 2002; Williams 2003). Previously healthy women who develop transient gestational syndromes such as gestational diabetes or preeclampsia are at higher risk for cardiovascular disease later in life (Williams 2003). Pregnancy may exacerbate or trigger a first onset of psychopathology (Goodman and Dimidjian 2012). There is also evidence that pregnancy has benefits for women’s health. Women with preexisting autoimmune diseases such as asthma and rheumatoid arthritis exhibit transient improvements in symptoms as a result of pregnancy-related immune system alterations (Fox et al. 2018; Munoz-Suano et al. 2011). One investigation observed a reduction in symptoms among women with bipolar I disorder, during pregnancy, as compared to before or after pregnancy (Grof et al. 2001). Pregnancy appears to result in persisting hormonal changes, which may be associated with protection from hormonally-influenced diseases such as breast cancer (Musey et al. 1987a, b). Pregnancy may also have lasting effects on maternal immunoregulation and subsequent risk for inflammatory conditions such as Alzheimer’s disease (see Fox et al. 2018). These findings underscore the potential for pregnancy to influence maternal outcomes, for better or for worse, and have implications for supporting pregnant women with a history of stress or adversity (see “Implications for Prevention and Intervention”).
Intergenerational Cascades
Transmission of the biological and behavioral effects of early experiences across generations can also be viewed as developmental cascades (Masten and Cicchetti 2010). The above described emerging literature examining associations between maternal early adverse experiences and pregnancy psychobiology is guided by this intergenerational perspective. A premise of this work is that transmission of maternal early life stress or adversity to offspring may begin during prenatal life, prior to exposure to maternal behavior and other postnatal environmental influences (Bowers and Yehuda 2016; Buss et al. 2017). Mother-to-fetus transmission is proposed to operate through epigenetic alterations in the maternal germ-line and/or altered maternal-placental-fetal gestational biology (Bowers and Yehuda 2016; Buss et al. 2017; Thomas et al. 2018a). Maternal experiences of early life adversity have been associated with adverse birth outcomes (Miller et al. 2017; Smith et al. 2016), variations in neonatal brain structure (Moog et al. 2018), increased infant HPA axis activity (Thomas et al. 2018a), and less optimal global infant development (Racine et al. 2018b). Further underscoring the potential for cumulative maternal experiences to shape child development, one study documented that children of mothers who experienced both childhood maltreatment and depression during pregnancy were at the highest risk of experiencing child maltreatment and exhibiting antisocial behavior; offspring of mothers who experienced only childhood maltreatment or depression during pregnancy appeared to be at no greater risk than nonexposed children (Plant et al. 2013). It is important to note that reported effect sizes of intergenerational transmission findings are modest. We interpret this as support for the possibility that transmission can be disrupted by maternal and/or fetal resilience processes (See also Chap. 6. Intergenerational Transmission of Parental Early Life Stress).
Gestational Stress
Resilience research at large has considered a variety of unfavorable conditions associated with adverse developmental trajectories, including socioeconomic disadvantage, parental mental illness, maltreatment, poverty, community violence, chronic illness, and catastrophic life events (Luthar et al. 2000). Several common themes regarding risk have emerged from this collective literature, which we contend are of equal relevance to the gestational period. The first is that risk factors or stressors rarely occur in isolation. The cumulative effects of multiple risk factors appear to have particularly strong consequences (see Masten 2001; Masten and Cicchetti 2016). Common strategies to measure cumulative risk include summing life events or risk factors to create composite scores (see Masten and Cicchetti 2016). Recognized issues with these cumulative scores include that they potentially mask salient effects of particular experiences or moderating influences on risk or adversity (Masten and Cicchetti 2016; see “Identifying Promotive and Protective Factors”). Resilience research also contends that because many risk factors associated with adverse outcomes are measured continuously, these factors can be inverted to demonstrate that lower levels of risk simultaneously reflect higher levels of “assets” or resources (Masten 2001; Masten and Cicchetti 2016). Because gestational resilience research is a relatively uncharted territory, this point may be useful in directing the search for protective factors that support resilience during gestation (see “Identifying Promotive and Protective Factors”).
As stated in the introduction, for the purposes of this chapter, we use the term “gestational stress” to refer to contexts of threat or adversity in which resilience may occur. Because we are interested in both maternal and fetal resilience in response to stress, we review here external and preexisting maternal stressors which have been associated with compromised maternal and fetal functioning. The idea that preexisting stressors are of relevance is consistent with conceptualizations of resilience as involving both proximal and distal responses to stress (see Hodes and Epperson 2019).
Socioeconomic Disadvantage
Indicators of sociodemographic disadvantage, including poverty, homelessness, and adverse neighborhood conditions, are associated with adverse birth outcomes such as preterm birth (see Dunkel and Glynn 2011). Studies have also consistently demonstrated that lower levels of income and higher levels of financial hardship are associated with higher levels of maternal depressive symptoms during pregnancy (Goyal et al. 2010; Leigh and Milgrom 2008; Rich-Edwards et al. 2006; Wajid et al. 2019). Other investigations have identified single marital status and lower education as risk factors for depression during pregnancy (Lancaster et al. 2010; Rich-Edwards et al. 2006). Women with lower income report cost and transportation as barriers to mental health care during pregnancy (Kopelman et al. 2008) and may be less likely to receive adequate prenatal care (Gonthier et al. 2017).
Chronic Stress
Women facing socioeconomic disadvantage may also experience chronic stressors. For example, in a large sample of low-income pregnant women, chronic stressors such as unemployment, a child with a chronic illness in the home, and increased crowding in the home were associated with heightened risk for delivering a low birth weight infant (Borders et al. 2007). Independent of socioeconomic disadvantage, racism and discrimination are chronic stressors that are associated with disparities in birth outcomes (see Dunkel and Glynn 2011; Lu and Halfon 2003; Wallace et al. 2015). Higher levels of perceived discrimination are associated with higher levels of psychological distress (Ertel et al. 2012; Giurgescu et al. 2012) and with greater systemic inflammation (Giurgescu et al. 2016) among pregnant Black women. Among pregnant Mexican-American women, greater levels of discrimination and marginalization from Anglo culture (Walker et al. 2012) as well as greater perceived discrimination and acculturative stress (D’Anna-Hernandez et al. 2015) are associated with elevated depressive symptoms.
Preexisting Mental or Physical Health Conditions
Although preexisting mental or physical health conditions are not external stressors to the mother, we conceptualize them as maternal stressors because they are associated with adverse outcomes during pregnancy. As mentioned above, pregnancy is conceptualized as a stress test which can exacerbate or undercover physical or mental health vulnerabilities (Williams 2003). Maternal previous history of depression appears to be a robust predictor of depression during pregnancy (Ahmed et al. 2018; Goodman and Tully 2009; Lancaster et al. 2010; Martini et al. 2015). Maternal type 1 diabetes and chronic hypertension are associated with maternal and fetal complications, including increased risk of preeclampsia, preterm delivery, and neonatal morbidity (Evers et al. 2004; Sibai 2002).
Major Life Events
Pregnant women who experience major life events, such as the death of a family member or job loss, appear to be at higher risk for preterm birth (Class et al. 2011; Dunkel and Glynn 2011; Rosa et al. 2019). Maternal experiences of multiple stressful life events during pregnancy have been associated with child behavior problems into adolescence (Robinson et al. 2011).
Research has also examined exposure to natural and man-made disasters during pregnancy. These investigations are conceptualized as quasi-experimental studies of the effects of gestational stressors (King et al. 2012). Exposure to a disaster has been associated with greater risk for depression and PTSD (Harville et al. 2010; Moss et al. 2017; Yehuda et al. 2005). Findings from natural disaster studies indicate that objective indicators of stress (e.g., financial loss, the threat of death or injury) and maternal subjective stress are independently and associated with a range of child outcomes (Project Ice Storm: Cao-Lei et al. 2015; King et al. 2012; Queensland Flood Study: McLean et al. 2018; Moss et al. 2017; exposure to earthquakes: Glynn et al. 2001; exposure to Superstorm Sandy: Zhang et al. 2018). Additionally, multiple studies have linked maternal exposure to man-made disasters with risk for shorter gestation and lower birth weight (World Trade Center attacks: Eskenazi et al. 2007; Lederman et al. 2004). Maternal exposure to disaster during pregnancy is also associated with infant (Yehuda et al. 2005) and adolescent (Huizink et al. 2008) cortisol levels (See also Chap. 18. Natural Disasters and Pregnancy).
Intimate Partner Violence
Intimate partner violence (IPV) during pregnancy is a widespread societal problem, with prevalence estimates ranging from 16% to 23% of pregnant women seeking prenatal care (see Chambliss 2008). IPV includes physical, sexual, or psychological abuse by a partner and typically involves repeated acute traumatic events in the context of chronic anticipatory stress (Brownridge et al. 2011). IPV during pregnancy is associated with maternal physical health risks such as substance use, vaginal bleeding, high blood pressure, and infection, as well as a range of adverse fetal outcomes, including intrauterine growth restriction, preterm delivery, low birth weight, and fetal/neonatal death (see Chambliss 2008; Taillieu and Brownridge 2010). Women who experience physical or emotional abuse during pregnancy are at higher risk for depression, posttraumatic stress disorder, and other emotional difficulties (Brownridge et al. 2011; Chambliss 2008; Martin et al. 2006; Rodriguez et al. 2008). IPV during pregnancy has been associated with higher internalizing and externalizing problems and cortisol reactivity in 10-year-old children (Martinez-Torteya et al. 2015).
Incarceration
The number of women incarcerated in the United States has nearly tripled over the last three decades (Bronson and Carson 2019), in large part due to changes in state and federal policies which have particularly impacted women of color and women from low-income communities (Sufrin et al. 2015). Approximately 3–4% of women in prison are pregnant (Sufrin et al. 2019). Many women experience heightened risks prior to incarceration, including trauma, substance use, mental health symptoms, exposure to violence, chronic medical conditions, and limited access to reproductive care (see Shlafer et al. 2019). Studies have indicated that only about half of women in state prisons receive some type of pregnancy care (Maruschak 2008) and that prison living conditions, nutrition, healthcare, and counseling practices generally fail to meet pregnant women’s basic needs (Ferszt and Clarke 2012). Furthermore, because sentences to prison are typically more than 1 year (Bronson and Carson 2019), most women who are pregnant upon entering prison will be incarcerated at birth and separated from their infants within 48 to 72 hours after delivery, which represents a significant stressor (Shlafer et al. 2019). Several studies have indicated that women who are pregnant and deliver in prison experience elevated levels of depressive symptoms (Fogel 1995; Williams and Schulte-Day 2006).
Maternal Early Life Adversity
As mentioned above, a growing literature examines associations between maternal experiences of early life stress or adversity and maternal and fetal health during pregnancy. Many studies have assessed maternal early life adversity with composite measures which incorporate experiences such as abuse, neglect, family violence, parental mental illness, and parental separation or divorce (e.g., Adverse Childhood Experiences questionnaire: Felitti et al. 1998; Childhood Trauma Questionnaire: Bernstein et al. 2003). Other studies have attempted to examine whether certain forms of early adversity are particularly associated with pregnancy outcomes or have examined certain forms in isolation (Atzl et al. 2019; Lang et al. 2006; Robertson-Blackmore et al. 2013).
Maternal adverse childhood experiences are associated with a host of negative outcomes during pregnancy. These include maternal health behaviors such as maternal substance use and unintended pregnancy (Chung et al. 2010), as well as maternal health conditions like obesity and gestational diabetes (Leeners et al. 2010; Mason et al. 2016; Ranchod et al. 2016). Studies have consistently linked maternal early adversity with increased symptoms of depression, posttraumatic stress disorder, and anxiety during pregnancy (e.g., Agrati et al. 2015; Atzl et al. 2019; Choi and Sikkema 2016; Lang et al. 2006; McDonnell and Valentino 2016; Wajid et al. 2019). Choi and Sikkema (2016) reported in their systematic review that the associations between childhood maltreatment and maternal mental health symptoms during pregnancy appear to persist after adjusting for relevant sociodemographic and psychiatric factors but may also be partially mediated by factors such as later victimization. Maternal experiences of early adversity also relate to gestational biology, including dysregulated stress hormone production (Bublitz et al. 2014; Schreier et al. 2015; Swales et al. 2018; Thomas et al. 2018b), higher levels of proinflammatory cytokines (Miller et al. 2017), and higher levels of placental CRH (Moog et al. 2016). As mentioned above, maternal early life adversity may have cascading effects on fetal development. Maternal early adversity has been associated with birth outcomes (Miller et al. 2017; Smith et al. 2016), neonatal brain structure (Moog et al. 2018), infant HPA axis activity (Thomas et al. 2018a), and global infant development (Racine et al. 2018b).
Defining Resilience
Outside of the gestational period, many different criteria have been used to operationalize positive functioning in the face of threat or adversity, some external and observable, and others internal and subjective (Masten and Cicchetti 2016). Many developmentalists have focused on competence in “age-salient developmental tasks,” which refer to the major expectations of a given society or culture for the behavior of individuals of a given age and situation (Masten 2001). For example, academic achievement and relationships with peers are two age-salient developmental tasks of interest in childhood resilience research (Masten 2001). Masten et al. (2004) identified competence in work and romantic contexts as age-salient developmental tasks in emerging adulthood. Other researchers have considered the absence of psychopathology or low levels of symptoms or impairment as resilience criteria (Masten 2001). More recently, resilience science has incorporated biological measures as potential indicators of resilience (e.g., measures of HPA axis, immune, and brain function; Cicchetti and Curtis 2007; Cicchetti and Rogosch 2007; Ménard et al. 2017; Russo et al. 2012). The need for multiple-levels-of-analysis approaches to resilience research is increasingly evident (Cicchetti and Curtis 2007). Experiences of significant stress are associated with altered physiology even among individuals who do not exhibit symptoms of psychopathology (Hodes and Epperson 2019), underscoring the potential for individuals to demonstrate resilience at one level of functioning but not another. Resilience research focused on gestation will require a multilevel perspective, as there is significant change at psychological, physiological, and behavioral levels.
Existing research on maternal and fetal development in the face of stress or adversity has predominantly focused on negative outcomes. However, findings indicate that poor outcomes or impairment in response to gestational stress is not inevitable. Gestation is a developmental phase which we argue necessitates particularly careful attention to the unique ways in which resilience may manifest. We focus on maternal and fetal resilience separately here because they are generally measured separately. As we have stated, these developing systems are closely linked, so these processes likely operate, at least in part, interactively. We conceptualize maternal and fetal resilience as good or better-than-expected functioning or outcomes in the face of stress.
Mother
Similar to conceptualizations of resilience in the nonpregnant context, competence in the salient developmental tasks associated with pregnancy could serve as resilience criteria. Positive health behaviors such as cessation of substance use and acquisition of adequate prenatal care, nutrition, and exercise could constitute salient developmental tasks. Several pregnancy researchers have focused on coping, which refers to cognitive and behavioral efforts aimed at managing stressful situations (see Guardino and Dunkel Schetter 2014). Evidence of maternal positive coping (such as seeking emotional support or taking action to mitigate the effects of a stressor; Guardino and Dunkel Schetter 2014) could also serve as a resilience criterion. Coping styles have also been examined as promotive or protective factors, so we discuss them in “Identifying Promotive/Protective Factors” below.
At the psychological level, absence of psychopathological symptoms or impairment may represent evidence for resilience. There has been some debate surrounding the characterization of psychopathology during pregnancy. For example, somatic symptoms which are criteria for psychopathology outside of pregnancy may, in part, reflect physiological adaptations of pregnancy (see Goodman and Dimidjian 2012; Misri et al. 2015; Nylen et al. 2013). There also appear to be predictable changes in symptoms of depression, anxiety, and pregnancy-specific anxiety over gestation in the general population (Glynn et al. 2008; Sandman et al. 2016). Moderate levels of pregnancy-specific anxiety (fears and anxieties related to maternal and fetal health, labor and delivery, and parenting) may be typical, particularly in a first pregnancy (Dunkel Schetter 2011). In one of the few existing studies of resilience in the context of stress during pregnancy, resilience criteria following Hurricane Katrina were low depressive and PTSD symptoms, and/or evidence of post-traumatic growth (perceiving benefits as resulting from the storm; Harville et al. 2010). Harville et al. (2010) reported that between one-third to one-half of women in their sample exhibited mental health symptoms at a normal level for the general population, and between 75% and 90% evidenced some experience of post-traumatic growth. Pregnancy-related adaptive changes in recognition of negative emotions, sensitivity to negative affective stimuli, attentional bias for infant distress, and feelings of attachment toward the fetus during pregnancy could also serve as indices of resilience, especially since there is evidence that maternal depression may undermine these processes (Pearson et al. 2013).
Similar to an absence of psychopathology, an absence of obstetric complications or pregnancy-related medical conditions could denote maternal resilience. Criteria for maternal resilience at the biological level could also be based on what is known regarding physiological adaptations during pregnancy. For example, evidence for progressive downregulation of stress responding could serve as a criterion for resilience. However, from an evolutionary perspective, a lack of downregulation may be adaptive for the mother (but not the fetus) if there are severe environmental stressors that require the mother’s attention and resources (Fowden and Moore 2012). This same logic could be applied to the emotional adaptations described in the previous paragraph. Positive functioning or outcomes may be more difficult to delineate with these markers.
We contend that further research documenting adaptive changes in the human maternal brain as a function of pregnancy and how stress might impact these changes is needed in order to define criteria for resilience in this domain. Research examining the neurobiology of resilience outside of gestation is emerging (Ménard et al. 2017; Russo et al. 2012), and as this literature develops, it could inform research in the context of pregnancy.
Fetus
Determining criteria for fetal resilience presents several challenges. First, it is unclear what would constitute “salient developmental tasks” for the fetus. Fetal growth, central and autonomic nervous maturation, and/or brain connectivity could theoretically constitute salient developmental tasks. However, it is difficult to determine what would constitute competence in these tasks, both because the fetal brain and other organs are under construction and rapidly developing, and because the fetus adjusts its developmental trajectory in response to environmental signals in preparation for postnatal life. For example, in the context of extremely adverse gestational conditions, it may be adaptive for the fetus to initiate preterm birth (Florio et al. 2002; Sandman et al. 2006). Similarly, in the face of malnutrition, it may be adaptive for the fetus to adopt a “thrifty phenotype” (reduced growth; Hales and Barker 2001) in preparation for anticipated poor nutritional resources postnatally. If there is “mismatch” between prenatal and postnatal environments, outcomes may be unfavorable (Hales and Barker 2001).
Perhaps competence in age-salient developmental tasks or absence of psychopathology during postnatal life are more appropriate resilience criteria; however, potential confounding postnatal factors must be considered and adjusted for if possible. Adjustment for postnatal influences does not preclude the possibility that there may be postnatal risk or protective factors that moderate associations between gestational stress and development. Research into these factors is also warranted. A few existing investigations have considered the additive or moderating contribution of the postnatal environment on developmental outcomes. For example, Kaplan et al. (2008) reported that infants of mothers with a mood disorder during pregnancy exhibited elevated cortisol only in the context of low maternal sensitive behavior, whereas infants of mothers without a mood disorder during pregnancy had low cortisol regardless of maternal sensitivity.
Fetal sex should also be considered when defining criteria for fetal resilience. There are established sex differences in trajectories of fetal development and in associations between gestational stress and developmental outcomes (see Hodes and Epperson 2019; Sandman et al. 2013). Evidence indicates that the female placenta is more sensitive and responsive to stress-related alterations in the intrauterine environment, leading female fetuses, but not male fetuses, to reduce their growth in response to stress (Clifton 2010; Saif et al. 2014). Distinct patterns of placental gene expression appear to, in part, underlie these differences (Mueller and Bale 2008; Osei-Kumah et al. 2011). Clifton and Murphy (2004) have demonstrated that, in the presence of maternal asthma, expression and activity of placental 11β-hydroxysteroid dehydrogenase 2 (11β-HSD-2), an enzyme that converts maternal cortisol to its metabolite cortisone, are decreased in female but not male fetuses, leading to elevations in circulating cortisol levels and reductions in birth weight in females but not males. It has been proposed that a lack of compensatory mechanisms in male fetuses may lead to a heightened risk for proximal morbidity and mortality (e.g., stillbirth or other adverse neonatal outcomes) and some distal behavioral consequences (e.g., cognitive ability), whereas, for females, compensatory mechanisms may protect against early morbidity and mortality but increase vulnerability for emotional difficulties later in life (Hodes and Epperson 2019; Sandman et al. 2013).
Developmental Plasticity as Resilience
As described in “Developing Systems,” both the fetal and maternal brain exhibit heightened plasticity during gestation (Glynn et al. 2018; Glynn and Sandman 2011; Kim 2016). While periods of heightened neural plasticity are often conceptualized as windows of vulnerability, they simultaneously constitute windows of opportunity (Masten 2019; Nelson and Carver 1998). It is possible that gestation is a sensitive period during which the achievement of resilience is more probable (c.f., Cicchetti and Curtis 2006). Neural plasticity is an inherent functional mechanism of the central nervous system, consistent with the idea that resilience operates through “basic human adaptational systems” rather than “extraordinary” individual qualities (Cicchetti and Curtis 2006; Masten 2001). Nonhuman animal research indicates that adult hippocampal neurogenesis may be linked with resilience in the face of stress (Levone et al. 2015), suggesting the potential relevance of heightened maternal hippocampal neurogenesis during pregnancy (Leuner and Sabihi 2016) in resilience processes. The gestational period may be a particularly exciting and fruitful target for investigation into the neurobiological mechanisms of resilience.
Identifying Promotive and Protective Factors
Resilience science has focused in large part on uncovering protective factors that might explain better-than-expected outcomes in the face of risk (Masten and Cicchetti 2016). Protective factors are distinguished from promotive factors in that the former play a special role in the context of high risk, whereas the latter are associated with desirable outcomes regardless of risk level (Masten 2001, 2018; Masten and Cicchetti 2016). Statistically, promotive factors have main effects, whereas protective factors have moderating effects (Masten 2001; see “Methodological Considerations”). Research into protective factors has focused on processes at the level of the individual (biological, psychological, behavioral) as well as outside the individual (e.g., family, school, cultural, community, healthcare systems), as an individual’s capacity for positive functioning is hypothesized to depend on the operation of all of these systems (see Masten 2019).
Outside of gestation, individual-level psychological and behavioral protective factors identified include cognitive skills (problem-solving, executive function), self-regulation, positive views of self, agency, mastery motivation, hope, faith, optimism, and meaning-making (see Masten 2018; Masten and Cicchetti 2016 for reviews). Less research to date has focused on biological protective factors. One well-established finding is that the availability of a supportive individual (e.g., parent, peer) reduces HPA axis reactivity in the face of stress (Gunnar and Hostinar 2015; Hostinar et al. 2014). There is also some evidence that genetic variants may serve as protective factors (e.g., Cicchetti and Rogosch 2012; Polanczyk et al. 2009). For example, Cicchetti and Rogosch (2012) documented that specific genotypes of four genes differentiated resilient functioning between maltreated and non-maltreated children. Nonhuman animal research has demonstrated that resilience involves not only an absence of molecular abnormalities that are present in susceptible animals (termed mechanisms of “passive resilience”) but also a presence of specific molecular adaptations that promote positive functioning (“active resilience” mechanisms; Russo et al. 2012). At the level of the family, sensitive and responsive caregiving and secure attachment relationships are established protective factors in childhood (see Masten and Cicchetti 2016). Research also indicates that peer relationships, schools and teachers, and cultural systems have protective roles in children’s lives (see Masten and Cicchetti 2016).
Investigations focused on factors which support positive functioning during gestation has tended to (1) statistically model these factors as main effects (i.e., promotive factors) and/or (2) fail to compare the effects of the factor in low-stress versus high-stress contexts, which is needed to determine if the factor is promotive or protective. We review here what is known about gestational protective factors but also include research examining promotive factors, as both can inform further research into protective factors.
Maternal Psychological Factors
Maternal coping styles during pregnancy are associated with maternal psychological and physiological functioning and with birth outcomes in both lower-stress and higher-stress contexts (see Guardino and Dunkel Schetter 2014 for a review). Other studies have demonstrated that higher levels of other maternal personal resources during pregnancy (e.g., mastery, self-esteem, optimism, perceived control) are associated with higher levels of health-promoting behaviors (Auerbach et al. 2014), lower anxiety symptoms (Rini et al. 1999), and higher infant birth weight (Rini et al. 1999). One study reported that women with medically high-risk pregnancies who had higher levels of optimism also evaluated their pregnancies as more controllable, used less avoidant coping, and reported lower levels of distress (Lobel et al. 2002).
Maternal Biological Factors
To our knowledge, little research has explored whether maternal biological factors support resilience. Zelkowitz et al. (2014) examined the relationship between maternal depressive symptoms and plasma oxytocin levels during pregnancy. They did not find an association in the overall sample, but among women who had higher scores on a measure of early and ongoing psychosocial stress, higher levels of plasma oxytocin were associated with lower levels of depressive symptoms. These results suggest that oxytocin may serve as a protective factor against depressive symptoms among women in high-stress contexts. Other plausible candidates for future investigation include neuroendocrine, immune, and molecular markers (Cicchetti and Blender 2006; Cicchetti and Curtis 2007; Ménard et al. 2017; Russo et al. 2012).
Maternal Social Factors
Social support also appears to serve as a promotive and protective factor during gestation. Harville et al. (2010) documented that social support was associated with resilience among pregnant women after Hurricane Katrina. Higher levels of social support during pregnancy have also been associated with lower maternal anxiety symptoms (Rini et al. 2006), decreased risk of violence (Taillieu and Brownridge 2010), and higher birth weight (Feldman et al. 2000). One study of low-income pregnant women linked social support with better neonatal outcomes and lower postpartum depressive symptoms (Collins et al. 1993). This study also documented an interaction effect between social support and maternal life events during pregnancy, whereby social support was positively associated with infant birth weight only among women who experienced more life events during pregnancy (Collins et al. 1993).
Social support also has been examined as a moderator of associations between maternal experiences of early life adversity and functioning during pregnancy. Racine et al. (2018a) found that women with higher levels of early adversity experienced less health risks if they reported higher levels of social support during pregnancy. In another study, early life adversity was positively associated with daytime cortisol production only among women with lower levels of current social support (Thomas et al. 2018a). Similarly, another investigation demonstrated that the association between greater childhood sexual abuse and increasing cortisol awakening responses over gestation was attenuated among women who reported more positive current family functioning (Bublitz et al. 2014). Several other studies have demonstrated that positive experiences in childhood can serve as promotive factors during pregnancy. Women with a history of early adversity were shown to have lower levels of depressive (Chung et al. 2008) and PTSD symptoms (Narayan et al. 2018) if they reported positive experiences in childhood. Cumulatively, these studies suggest that both past and current positive experiences can offset some of the consequences of early adversity and support maternal resilience.
There is also evidence for the potential promotive/protective roles of certain cultural values during gestation. One study demonstrated that Black women and women higher in socioeconomic disadvantage had higher levels of negative mood, perceived stress, and blood pressure; however, these associations were attenuated among women higher in communalism, a cultural value that emphasizes family and interdependence (Abdou et al. 2010). Similarly, familism, a cultural value that emphasizes close family relationships, was positively associated with social support and negatively associated with stress and pregnancy-specific anxiety in a sample of foreign-born Latina, US-born Latina, and European American women (Campos et al. 2008). These associations were stronger among Latina women compared to European American women, and higher social support was associated with higher infant birth weight among foreign-born Latinas only. Another study reported that greater adherence to the Mexican cultural value of respect protected against depressive symptoms in the context of acculturative stress (D’Anna-Hernandez et al. 2015).
A few studies have also suggested the potential for protective factors to operate at the level of healthcare policy and practice. A large study of women on Medicaid in California showed that those women who received a psychosocial assessment in each trimester of gestation had half the risk of preterm birth or delivery of a low birth weight infant (Wilkinson et al. 1998). A qualitative study of international migrant women in Canada who exhibited resilience (lower levels of postpartum depressive symptoms) in the face of violence during pregnancy identified systemic factors, including health services, community health centers, legal services, social services, language lessons, and government policies, as relevant to the resilience of these women (Gagnon and Stewart 2014).
Fetal-Placental Biological Factors
Any of the above described maternal protective/promotive factors may also have cascading effects on fetal development. We discuss here possible fetal-driven mechanisms of fetal resilience.
Placental factors represent a plausible pathway by which fetal resilience processes might operate. Fetal exposure to gestational stress is modulated by placental function (Bronson and Bale 2016). The primary focus of research on this topic has been on the contribution of stress-induced modifications in the placenta to adverse fetal and child outcomes. Fetal exposure to maternal cortisol is regulated by the placental enzyme 11β-HSD-2, which oxidizes maternal cortisol into its metabolite cortisone. 11β-HSD-2 is only a partial barrier, with approximately 15% of maternal cortisol crossing through the placenta unmetabolized (Benediktsson et al. 1997; Gitau et al. 2001). Several studies have shown that maternal depression and anxiety (Glover et al. 2009; O’Donnell et al. 2012; Togher et al. 2017), catecholamines (Sarkar et al. 2001), proinflammatory cytokines (Johnstone et al. 2005), and hypoxic factors (Alfaidy et al. 2002) downregulate 11β-HSD-2 activity via epigenetic changes, allowing for a greater proportion of maternal cortisol to enter fetal circulation. Maternal psychological distress during pregnancy has also been associated with increased expression of placental glucocorticoid and mineralocorticoid receptors (Reynolds et al. 2015) and serotonin transporter (Ponder et al. 2011), resulting in greater fetal exposure to these hormones. Adverse intrauterine conditions and the dynamics of maternal supply and fetal demand are shown to alter the capacity of the placenta to transfer nutrients from the maternal circulation to the fetus (Fowden et al. 2009; Jansson and Powell 2006). Cumulatively, these studies indicate that placental modifications may contribute to adverse fetal and child outcomes. It is also plausible that there are placental mechanisms which promote/protect fetal development in the face of stress. For example, Nugent et al. (2018) identified placental O-linked N-acetylglucosamine transferase, an X-linked gene, as a mechanism underlying female resilience in a mouse model of gestational stress. Investigation into the role of the placenta in fetal programming could be expanded to consider potential placental resilience processes.
Genetics may be another mechanism of fetal resilience. Studies have demonstrated that maternal psychological distress is associated with infant negative emotionality (Pluess et al. 2011) and behavioral dysregulation (Babineau et al. 2015) only among children carrying the short allele of 5-HTTLPR, a polymorphism in the serotonin transporter gene. Another study indicated that neonatal, but not maternal, brain-derived neurotropic factor (BDNF) genotype moderated the association between maternal anxiety during pregnancy and neonatal genome-wide DNA methylation, as well as the association between the DNA methylation and neonatal brain structure (Chen et al. 2014). The same research group found that individual single nucleotide polymorphisms of the catechol-O-methyltransferase (COMT) gene (which regulates catecholamine signaling in the prefrontal cortex) moderated the association between maternal anxiety during pregnancy and prefrontal and parietal cortical thickness in neonates (Qiu et al. 2015).
The potential for maternal and fetal shared genetics to confound associations between gestational stress and fetal development is frequently acknowledged as a limitation of observational fetal programming studies. We speculate here the potential for unshared genetic variance between mother and fetus (e.g., paternally-inherited genes) to modulate fetal development, for better or for worse, in the context of gestational stress. Researchers have recently called attention to the lack of focus on the effects of paternal life experiences on fetal development (Bowers and Yehuda 2016; Hodes and Epperson 2019; Yuan et al. 2016). Genomic imprinting is an epigenetic process by which genes are expressed in a parent-of-origin-specific manner (one parent’s gene is expressed, and the other’s is silenced). There is evidence that paternally expressed genes tend to promote fetal growth, whereas maternal expressed genes tend to limit nutrient provision to individual offspring (Fowden et al. 2011; Haig 1996). Imprinted genes appear to be preferentially expressed in the placenta, where they play a role in regulating placental growth and nutrient transfer and are responsive to a range of environmental signals (Fowden et al. 2011; Fowden and Moore 2012). A number of maternally and paternally imprinted gene loci on chromosome 15 have been implicated in neurological and psychiatric disorders such as autism and schizophrenia, with the occurrence or severity of these disorders depending on inheritance and imprinting status of a risk allele (see Bowers and Yehuda 2016). A given maternal risk allele would not be expressed if the gene is paternally imprinted, and if the father does not carry the risk allele, fetal resilience could be supported. Rodent models of male exposure to stress and drugs of abuse support transmission of the effects of paternal adverse experiences to offspring through epigenetic modifications in sperm (Rodgers et al. 2013; Yuan et al. 2016). It is possible that the effects of positive paternal experiences or paternal “resilience phenotypes” could be similarly transmitted (See also Chap. 5. Epigenetic Effects of Prenatal Stress).
Methodological Considerations for Gestational Resilience Research
Methodological strategies that have emerged in the resilience literature at large are also applicable to gestational resilience research. Masten (2001) has described two major approaches employed in resilience studies focused on explaining variation in outcomes among children exposed to adversity. Briefly, variable-focused approaches examine relations among measures of environmental risk or adversity, outcomes, and protective factors. Person-focused approaches compare individuals who have different profiles of functioning (generally positive or negative functioning in the context of stress or adversity), either cross-sectionally or longitudinally, to determine factors which differentiate those individuals who demonstrate resilience. Importantly, as described in the “Identifying Promotive and Protective Factors” section above, if low-stress groups are excluded from resilience research designs, it is not possible to determine if individual or environmental factors are promotive (function similarly in low- and high-stress contexts) or protective (are especially impactful in high-stress contexts; Masten 2001, 2018; Masten and Cicchetti 2016). There are several additional methodological considerations that we suggest are of special relevance to the gestational period.
Multiple-Levels-of-Analysis Approaches
As previously stated, resilience science increasingly has emphasized the need for multiple-levels-of-analysis approaches to resilience research and has conceptualized resilience as a multifaceted phenomenon (Cicchetti and Blender 2006; Cicchetti and Curtis 2007; Masten 2018; Masten and Cicchetti 2016). Research targeting neurobiological resilience factors is emerging (Feder et al. 2009; Ménard et al. 2017; Russo et al. 2012), and the potential for the brain’s intrinsic plasticity to serve as a mechanism of resilience and/or of recovery following negative experiences is of increasing interest (Cicchetti and Curtis 2006; Cramer et al. 2011). As previously stated, because there is heightened neural plasticity in both the fetal and maternal brain during gestation (Glynn et al. 2018; Glynn and Sandman 2011; Kim 2016), this may be of particular relevance during this period.
As should be evident from our discussion, gestation is a particular context which will necessitate the examination of resilience pathways at multiple-levels-of-analysis. Assessment of the fetus inherently requires measurement at the level of biology or behavior, and studies have linked gestational stress exposures with postnatal physiological, emotional, cognitive, and behavioral functioning (see Bussières et al. 2015; Howland et al. 2017; Madigan et al. 2018; Sandman et al. 2016 for reviews). With respect to maternal functioning during pregnancy, significant change occurs at physiological, psychological, and behavioral levels. Furthermore, the gestational period is a context which involves unique changes in the family system and enhanced contact with the healthcare system, which may also serve as protective or promotive factors. Multilevel approaches are already prevalent in maternal and fetal programming research (Dunkel Schetter 2011; Ramey et al. 2015). Examining gestational resilience processes within individuals (e.g., at genetic, neurochemical, neuroendocrine, immune, emotional, cognitive, and behavioral levels) and in their interaction with outside systems (e.g., family, cultural, community, healthcare) can not only uncover pathways of resilience during this period but encourage more integrative models of resilience in the field at large.
Timing Effects
The timing of stress or adversity during gestation has important implications for fetal and maternal development. Exposures during different gestational intervals are shown to have differential associations with developmental outcomes, which likely relate to specific neurodevelopmental processes occurring at the time (Bronson and Bale 2016; Charil et al. 2010; Sandman et al. 2015) as well as the timing of maternal and placental adaptations. Because maternal stress responsiveness is downregulated as gestation advances, stressors experienced early in pregnancy are associated with greater maternal stress appraisals (e.g., Glynn et al. 2001, 2004) and therefore may exert greater influence on fetal and maternal functioning. For example, some studies have demonstrated that maternal exposure to disaster earlier as opposed to later in pregnancy is associated with less optimal child outcomes (Glynn et al. 2001; McLean et al. 2018; Simcock et al. 2017). Related to the timetable of fetal development, other disaster studies have suggested that different aspects of child functioning may be affected depending on gestational timing. First trimester exposures are often associated with child cognitive and language outcomes, whereas exposures later in gestation have been related to motor outcomes (see King et al. 2012; Moss et al. 2017). The effects of exposure to maternal cortisol also appear to be time-dependent and related to both the timetable of fetal development and regulation of placental 11β-HSD-2 expression (which is lower during early and late gestation; Beitins et al. 1973; Benediktsson et al. 1997). Elevated maternal cortisol during early to mid-gestation has been associated with detrimental outcomes, whereas elevated maternal cortisol near term has been associated with more optimal fetal organ maturation and neurodevelopment (see Howland et al. 2017).
It is possible that maternal and fetal resilience processes may be modulated by gestational timing in a similar manner. For example, maternal resilience could be differentially associated with fetal development at different gestational periods. The potential for resilience may also be enhanced during certain gestational windows, depending on the timetables of fetal and maternal development and adaptation. Relatedly, some resilience research has focused on uncovering different pathways of resilience after acute trauma or chronic adversity (see Masten and Cicchetti 2016; Masten and Narayan 2012). Briefly, in the aftermath of an acute trauma (such as a major life event or natural disaster), resilience may manifest as “stress-resistance,” where positive functioning is maintained; as “breakdown and recovery,” where there is an initial decline in function followed by a return to positive functioning; or as “posttraumatic growth,” whereby functioning is improved by the demands of responding to the stressors and/or the process of recovery. These different resilience pathways could occur over gestation and result in resilience at different gestational windows.
Intervention as Test of Theory
Developmental psychopathology and resilience science perspectives posit that interventions can serve as experimental tests of theories and hypotheses about resilience (Masten and Cicchetti 2016; Howe et al. 2002). Individuals cannot be randomly assigned to experience stress, but hypotheses about promotive or protective factors can be tested in the context of interventions designed to promote resilience (Cicchetti and Gunnar 2008; Masten and Cicchetti 2016). For example, resilience-focused intervention science has revealed the malleability of insecure attachment (Cicchetti et al. 2006) and HPA axis functioning (Cicchetti et al. 2011; Fisher et al. 2006) in children. This intervention-as-a-test-of-theory approach has recently been applied to the gestational period. Goodman et al. (2018) conducted a systematic review and meta-analysis of intervention studies aimed at preventing or treating depression in pregnant women. These studies were conceptualized as experimental tests of the effects of changes in women’s depressive symptoms during pregnancy on child outcomes. Goodman and colleagues reported that the combined effect size of depression interventions for pregnant women on child outcomes was small but significant, supporting the hypothesis that prenatal maternal depression has programming effects on fetal development. Similarly, Davis et al. (2018) are implementing a randomized control trial of an evidence-based intervention as an experimental test of the programming effects of maternal depressive symptoms on fetal development. We suggest that these studies simultaneously serve as experimental tests of promotive and protective factors and offer insights into potential preventions and interventions to support maternal and fetal resilience during gestation.
Other investigations have used quasi-experimental designs to examine the effects of temporal variations in policies related to income supplementation and healthcare on maternal and fetal health. Almond et al. (2011) documented that increases in income resulting from the rollout of the modern Food Stamp Program (FSP) during the 1960s–1970s were associated with improved birth outcomes for both White and Black maternal-fetal dyads, with greater benefits for Black dyads. Studies have linked enactments of state earned income tax credit (EITC) programs and EITC sizes with higher birth weights and reductions in preterm birth (Hamad and Rehkopf 2015; Strully et al. 2010). Another study compared racial disparities in birth outcomes (low birth weight, preterm birth) in Medicaid expansion states relative to non-Medicaid expansion states and documented significant improvements in birth outcomes among Black dyads in Medicaid expansion states (Brown et al. 2019). A recent study of an unconditional income supplement for low-income pregnant women in Canada demonstrated positive associations with birth outcomes (Brownell et al. 2016). These studies provide quasi-experimental evidence that improvements in income and healthcare serve as protective factors during gestation and also have strong implications for policy efforts aimed at supporting maternal-fetal dyads.
Implications for Prevention and Intervention
Resilience science has had a widespread and transformative effect on prevention and intervention models and methods, in large part generating a shift away from deficit-based models to more balanced models which incorporate a focus on enhancing resources and assets, reducing risks, mobilizing protective processes, and promoting positive outcomes (Masten 2001, 2018). Further research aimed at uncovering pathways of maternal and fetal resilience will undoubtedly advance prevention and intervention efforts targeted at this period.
Goodman and Dimidjian (2012) have posited that a developmental psychopathology perspective can enhance research focused on psychosocial treatments for depression during pregnancy. They have suggested that treatment efforts could be improved with personalized care aimed at individual risk or resilience factors and interpersonal contexts (e.g., couples’ relationships) during pregnancy. They also discuss the potential for interventions to interrupt negative or promote positive cascades. Some have proposed that screening of maternal early adversity should be incorporated into prenatal care to support women at risk and to reduce intergenerational transmission (Atzl et al. 2019; Buss et al. 2017; Choi and Sikkema 2016; Plant et al. 2013).
A primary goal of prevention and intervention research is to identify periods of development during which a specific intervention or interventions may be most efficacious (Cicchetti 2013). As previously stated, periods of heightened neural plasticity are recognized as windows of opportunity during which there may be greater opportunity for change (Cicchetti and Curtis 2006; Masten 2019; Nelson and Carver 1998). Because gestation is a period of heightened neural plasticity for both mother and fetus, it is possible that interventions to enhance resilience may be particularly effective during this period. To our knowledge, no empirical efforts have focused on this interesting possibility.
Summary and Conclusions
This chapter aimed to promote the integration of developmental psychology and resilience science with fetal and maternal programming perspectives. As we hope is clear from our discussion, operationalization of maternal and fetal resilience during gestation requires close attention to the special aspects of this sensitive developmental window for both members of the dyad. To avoid confounding terminology (namely, differing interpretations of the term “adaptation”), we have proposed that maternal and fetal resilience be conceptualized as good or better-than-expected functioning or outcomes in the face of stress.
Gestation is a particularly unique developmental context, as three systems are developing in concert: fetus, placenta, and mother. We suggest that the concept of developmental cascades (Masten and Cicchetti 2010) is of particular relevance to gestation and to uncovering potential pathways of resilience, and including maternal-fetal bidirectional cascades, maternal lifespan cascades, and intergenerational cascades.
Contexts of threat or adversity during gestation which have received empirical attention include socioeconomic disadvantage, chronic stress, preexisting mental or physical health conditions, major life events, intimate partner violence, incarceration, and maternal early life adversity. Negative outcomes have been the predominant focus of existing research, yet poor outcomes or impairment in response to gestational stress are not inevitable. Maternal resilience criteria could include competence in the salient developmental tasks associated with pregnancy, or absence of psychopathological symptoms or impairment. Determining criteria for fetal resilience presents several challenges, as it is unclear if the fetus as “salient developmental tasks,” and because the fetus is rapidly developing and adjusting its developmental trajectory in response to environmental signals in preparation for postnatal life. Competence in age-salient developmental tasks or absence of psychopathology during postnatal life may be more appropriate resilience criteria, but potential postnatal confounds should be considered.
Gestational resilience research also can focus on uncovering protective factors that might explain better-than-expected outcomes in the face of risk (Masten and Cicchetti 2016). Such investigation can be informed by existing resilience research which has identified protective factors outside of gestation, as well as existing research into factors which support positive functioning during gestation. Given that both the fetal and maternal brain exhibit heightened plasticity, it is possible that gestation is a sensitive period during which the achievement of resilience is more probable (c.f., Cicchetti and Curtis 2006).
Methodological considerations of special relevance to the gestational period include the need for multiple-levels-of-analysis approaches (Cicchetti and Blender 2006; Cicchetti and Curtis 2007; Masten 2018) and attention to the timing of stress exposures. Interventions can also serve as experimental tests of theories and hypotheses about resilience (Cicchetti and Gunnar 2008; Howe et al. 2002; Masten and Cicchetti 2016). Gestational resilience research can inform prevention and intervention efforts, and, given heightened fetal and maternal developmental plasticity, it is possible that interventions to enhance resilience may be particularly effective during this period.
We hope that this chapter will encourage future research efforts into fetal and maternal resilience. We suggest that just as fetal and maternal programming research stands to benefit from developmental psychopathology and resilience science, these disciplines can be advanced by extending their scope “backwards” into the fetal period and “forwards” into the pregnancy phase of the female lifespan. Calls for biological perspectives on resilience in the literature at large (Cicchetti and Blender 2006; Cicchetti and Curtis 2007; Masten 2018) can be addressed in part by encouraging gestational stress researchers to investigate resilience processes, as biological measurement and multiple-levels-of-analysis approaches are particular strengths of this field. We believe that research into maternal and fetal resilience processes represents an exciting avenue for future investigation that can ultimately guide preventions and interventions aimed at supporting high-risk maternal-fetal dyads.
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Statistics Background
We assume that the reader has some background knowledge of statistics; familiarity with the following concepts is assumed: random variable, estimator, standard error, confidence interval, p-value, expected value, and variance. For new readers who are unfamiliar with statistics, we recommend the book “Statistics for the Behavioral Sciences” by Gravetter and Wallnau (2016).
In this chapter, we often make use of goodness-of-fit criteria such as the coefficient of determination (R2), Akaike information criterion (AIC) (Akaike 1998), and Bayesian information criterion (BIC) (Schwarz et al. 1978). Goodness-of-fit criteria are useful for model selection, they allow one to determine which model, out of a selection of models, has the better fit. The definition of each criterion is not particularly important for this chapter, but a few key elements are important to keep in mind.
The R2 is a measure from 0 to 1 which says how much of the variance is explained by the model, higher values are better. Although informative, this measure is quite problematic for variable selection as it always increases as the number of variables increase; this gives the impression that adding any variable is always beneficial when it can be the contrary. Thus, one cannot use the R2 to determine which variable to include in a model. Contrary to the R2, the AIC and BIC are nearly impossible to interpret, but they penalize for additional number of variable which makes them perfect for variable/model selection; a model with a lower value is considered better (e.g. if model A has BIC = 400 and model B has BIC = 370, model B is preferable). AIC is generally optimistic (it assumes that the more complex model is a better fit), while BIC is generally conservative (it assumes that the simpler model is a better fit). We generally prefer the BIC because of Occam’s razor which states that “simpler solutions are more likely to be correct than complex ones”. Importantly, one should never rely on p-values to decide whether a variable should be included.
Our general recommendation is to include a variable only if its inclusion decreases the BIC or if it is an important confounder that one needs to adjust for. For example, when testing for an effect of prenatal adversity on an outcome measure, one needs to adjust for postnatal adversity in order to ensure that the effect of prenatal adversity is above and beyond the effect of postnatal adversity.
Introduction
The prediction of complex developmental phenotypes, as reviewed in this book, must take into consideration the interaction of biological factors with the early environmental factors across the lifespan in which they operate. In the past decade, gene by environment interaction (GxE) models have been proposed for this purpose (Cordell 2009). Instead of partitioning variance into separable and independent genetic and environmental contributions to phenotypic differences, GxE models assume the interdependence of genetic and environmental influences on a given trait.
From this perspective, rather than only having a main effect (e.g. possessing genetic variant X increase or decrease the chance of having phenotype Y), genes can also have a moderating effect (e.g. possessing genetic variant X makes one more or less susceptible to the environment). This means that the genetic makeup of a person influences not only their phenotype but also their susceptibility to the environment. These models are conceptually consistent with findings in molecular biology (Meaney 2010).
In this chapter, we only refer to generic “environmental variables”. However, in the context of this book, the environmental variables considered should be the aspects of the prenatal and postnatal environment (e.g. maternal depression score (continuous), type of maternal attachment (categorical)). As discussed in this book, the prenatal environment provides the context for foetal brain development, while the early rearing environment provides the context for the enrichment and regulation of early socio-emotional and cognitive milestones.
For simplicity, in this chapter, we assume all genetic factors are represented as either present or absent (i.e. dichotomous: 0 or 1). However, in diploid organisms such as humans, at least three states may be observed at a variable or polymorphic site in the genome. For example, at a biallelic single nucleotide polymorphism (SNP) with alleles C and T, there will be three possible genotypes, CC, CT and TT. For polymorphic sites where more than two alleles are observed, the number of genotypes will be even larger. Therefore, for the models discussed in this chapter, the genotype information from any single genetic site needs to be reduced to two classes. For biallelic SNPs, for example, genotype information could be reduced to a dichotomous variable by ascertaining whether at least one copy of the less frequent allele is present.
For ease of interpretation and to reduce model complexity, we also assume that the environmental variables are continuous. However, note that the approaches presented in this chapter make no assumption about the type of the genetic or environmental variable used. The only assumption made is on the type of the phenotypic outcome variable (continuous, binary, categorical, etc.).
First, we show that a simple mathematical formula can be used to represent GxE models (section “Continuous outcome (OLS)”). This formula is then extended for binary outcomes (section “Binary outcome (GLM)”) and we briefly discuss of the main issues that plague these types of models (section “rGEs and confounders”). Then, we show how to incorporate multiple genetic variants and environmental variables into a single GxE model (section “Multiple genetic and environmental factors”). To finish, we present a classification framework for GxE models (diathesis-stress, differential susceptibility and vantage sensitivity) and show how to test for the type of GxE model empirically (section “Testing the type of a GxE”).
Throughout the chapter, samples of R code are provided to demonstrate how to construct GxE models. R is a freely available programming language made specifically for statistics (R Core Team 2019). We focus on simple synthetic examples for the sake of understanding and practice.
Standard GxE Model
Continuous Outcome (OLS)
In its simplest form, for continuous phenotypes, a GxE model can be represented with ordinary least squares (OLS) in the following way:[image: $$ y={\beta}_0+{\beta}_ee+{\beta}_gg+{\beta}_{ge} ge+\varepsilon, $$]

 (15.1)


where y is a phenotype, β0 is the intercept, βe the regression weight for the environment main effect (e), βg the regression weight for the gene main effect (g) and βge is the regression weight for the product of environment and genes (ge) which represents the GxE interaction.
Let us first assume that we have the following model:
[image: $$ y=e+2g+\varepsilon . $$]



This example does not include a GxE term which makes it easy to interpret. We have that every unit (1) increase in the environmental score increases the outcome by 1. Furthermore, possessing the genetic variant (g = 1) means that the outcome increases by 2.
Now let us look at a more complex example with a GxE term. This will be the example that we will focus on for the rest of this subsection. Assume the formula is:

[image: $$ y=e+2g+.5 ge+\varepsilon . $$]





In this case, we cannot state the effect of the environment or the gene without considering both variables at the same time. If one does not possess the genetic variant (g = 0), the formula effectively becomes y = e + ε.; we have that every unit (1) increase in environmental score increases the outcome by 1. On the other hand, if one possesses the genetic variant (g = 1), the formula effectively becomes y = 1.5e + 2 + ε; the outcome is increased by 2 and we have that every unit (1) increase in the environmental score increases the outcome by 1.5. Thus, we generally interpret GxE models by fixing one of the variables (in this case, we fixed the genetic variable to its two possible values: 0 or 1).
The following R code produces the synthetic data for this example:
[image: ../images/469610_1_En_15_Chapter/469610_1_En_15_Figa_HTML.png]
To construct a simple GxE model for this dataset, write the following code:
[image: ../images/469610_1_En_15_Chapter/469610_1_En_15_Figb_HTML.png]
The output is:
[image: ../images/469610_1_En_15_Chapter/469610_1_En_15_Figc_HTML.png]
The important elements from the output are the multiple R-Squared (R2), the estimates of the parameters of the model, their standard errors (Std. Error; se), and p-values. We obtain a R2 = .96, thus a very good fit. The true weights β0, βe, βg, βeg are 0, 1, 2 and .50, while the estimated weights are 0.03, 1.02, 1.91 and .48. Thus, we are close to the optimal values.
Although not provided automatically by the software, we can obtain the AIC and BIC in the following way:
[image: ../images/469610_1_En_15_Chapter/469610_1_En_15_Figd_HTML.png]
The AIC and BIC are:
[image: ../images/469610_1_En_15_Chapter/469610_1_En_15_Fige_HTML.png]
As mentioned above, these values do not mean anything by themselves; however, we will be able to use them to compare this model to another one.
We fitted a GxE model and it seems to be a good fit. However, by Occam’s razor, we want the simplest model possible. Thus, we would like to compare this model to one without a GxE term and see which one has the better fit. To do so, we can fit a model without a GxE term and compare its AIC and BIC. We do so using the following commands:
[image: ../images/469610_1_En_15_Chapter/469610_1_En_15_Figf_HTML.png]
The output is:
[image: ../images/469610_1_En_15_Chapter/469610_1_En_15_Figg_HTML.png]
Although the R2 is still very high and the p-values are still very small, the AIC and BIC are much larger which means that the model is a worse fit. Thus, as expected, one should favour the model with the GxE.
Binary Outcome (GLM)
In the previous subsection, we discussed the GxE model assuming that the phenotypic outcome was continuous. However, many phenotypes are not continuous but instead binary (e.g. diagnoses, which are either present or not). Binary (or dichotomous) variables are generally represented as 0 or 1.
To adapt the GxE model to non-continuous outcomes, we want to transform a continuous prediction (from a traditional GxE model) into the proper range of the outcome. In the case of a binary outcome, we want our continuous prediction to be transformed into the range [0, 1] so that it can represent the probability of having a value of 1 (e.g. probability of having a diagnosis). In the Generalized Linear Model (GLM) (Nelder and Wedderburn 1972) framework, the link function is what applies this transformation. The link function itself (g) transforms the data from the range of the outcome ([0,1] with a binary outcome) to a continuous prediction, while the inverse of the link function (g−1) does the opposite. GLMs can thus be written in the following way:
[image: $$ E\left[y\right]={g}^{-1}\left({\beta}_0+{\beta}_ee+{\beta}_gg+{\beta}_{ge} ge\right), $$]



where g−1 is the inverse of the link function g and E[y] is the expected value of y.
More specifically, for a binary outcome, we generally choose g to be the logit function (or equivalently, we choose g−1 to be the sigmoid function). The sigmoid function is such that the output is equal to one if x goes to infinity and equal to 0 if x goes to minus infinity. This means that we can still use a simple GxE model to produce a continuous prediction and then apply the sigmoid to constrain its predictive value to the range [0, 1]. Note that this special case corresponds to “logistic regression”. Other transformations are possible for other outcome types (e.g. Poisson, categorical), but we will not discuss them.
To help understand how the sigmoid function works, let’s visualize it:
[image: ../images/469610_1_En_15_Chapter/469610_1_En_15_Figh_HTML.png]
As can be seen from Fig. 15.1, high values quickly converge to 1 and small values quickly converge to 0.[image: ../images/469610_1_En_15_Chapter/469610_1_En_15_Fig1_HTML.png]
Fig. 15.1Sigmoid function


The following code transforms the continuous outcome from our previous synthetic example into a binary one for the purpose of testing:
[image: ../images/469610_1_En_15_Chapter/469610_1_En_15_Figi_HTML.png]
Now that we have a synthetic dataset with a binary outcome, we want to fit a GxE model using the GLM framework. To specify that the outcome is binary, one must add the argument family=binomial. By default, the software assumes that family=gaussian which is to say that the outcome is continuous. Note that by default, family=binomial assumes that link=logit, but one can specify a different link function if desired.
The model can thus be constructed with the following commands:
[image: ../images/469610_1_En_15_Chapter/469610_1_En_15_Figj_HTML.png]
The output is:
[image: ../images/469610_1_En_15_Chapter/469610_1_En_15_Figk_HTML.png]
We observe that, although the estimates are close to their true values, the GxE term is not significant. We can then fit a model with a GxE term to verify if the GxE model is still a better fit:
[image: ../images/469610_1_En_15_Chapter/469610_1_En_15_Figl_HTML.png]
The output is:
[image: ../images/469610_1_En_15_Chapter/469610_1_En_15_Figm_HTML.png]
We find that AIC and BIC are lower in the model without a GxE term which means that this model is a better fit. This is the opposite of what we expected to find since we know from having created the synthetic example that there is a GxE. We tried fitting the model on variants of the synthetic datasets with different seeds (you can do this by changing the number in set.seed(666) of the synthetic dataset creation). We found that, in most cases, the model without a GxE term still had a better fit. However, note that by increasing the sample size significantly (e.g. from 250 to 10k), we do obtain a GxE model with lower BIC and with a significant GxE term.
The lack of significant GxE is because, with a binary outcome, parameters are hard to estimate with high accuracy. One needs a large sample size in order to obtain low standard errors on the parameters of a logistic regression GxE model. This in large part because binary variables contain significantly less information than continuous variables (e.g. if you dichotomize a score into a diagnosis, you will lose all the information on the degrees of severity). Note that most datasets in child development are smaller than N=250. Thus, when continuous measures are available, we recommend researchers to use them rather than diagnoses. Furthermore, we highly recommend against dichotomizing continuous variables based on a threshold (e.g. making the prenatal depression score into 0/1) for the purpose of statistical analyses; there is a lot of evidence that such practice is undesirable (Royston et al. 2006; Irwin and McClelland 2003; Streiner 2002; Fitzsimons 2008).
rGEs and Confounders
In the previous sections, we showed how to construct simple GxE models. In all the simulated examples, we made the assumption that there were no confounders. A confounder is any variable associated with both the outcome and one of the genetic or environmental factors (e.g. ethnicity, gender, age, socioeconomic status), and is not a consequence of any of these factors (i.e. not downstream of the outcome or an exposure). Potential confounders are important to account for as they could be causal factors for both the outcome and genetic or environmental factor.
We want to ensure that our model (in this case, a GxE model) still explains a significant portion of the variance even after adjusting for potential confounders. If the GxE term became insignificant or near-zero after adjusting for potential confounders, it would suggest that the GxE only appear to influence the outcome because it is correlated with the actual causal variable (the confounder). On the other hand, if the GxE term became smaller or less significant, but still remained important, it would suggest that the GxE term is a mediator. In other words, some of the influence of the GxE on the outcome would actually be caused by the confounder, but not all of it.
In the case of GxE models, we are mostly concerned with confounders resulting from a gene-environment correlation (rGE). An rGE is when the environmental variable used in the GxE model is correlated with the genetic variable. The presence of an rGE suggests that a significant GxE effect may be confounded by a potential gene x gene (GxG) effect, whereby the environmental effect is actually explained by the person’s genetics. Although this does not affect the model’s predictive power, the presence of an rGE may muddle GxE interpretations given that both the cause and effect cannot be easily disambiguated.
There are three main types of rGE (Plomin et al. 1977): passive, evocative, and active. Passive rGE means that the parent’s genotype indirectly influences the child’s environment via the child’s genotype. Thus, the main causal factor leading to child psychopathology is the genotype inherited from one or both parent(s). Evocative rGE is when the child’s genotype evokes a particular type of environmental response, which influences their development. For example, a child carrying genetic liability for aggression might evoke a more negative response from their parents and teachers, which might then exacerbate the child’s aggression. This leads to a negative feedback loop where the environment affects the outcome and vice-versa over time. Finally, active rGE is when the child’s genotype directly influences a particular environment, which then influences their environment. For example, a child with aggressive genetic liability might be more prone to make friends with other peers who are also aggressive. For more information on rGEs, we recommend the editorial by Knafo and Jaffee (2013).
To prevent any bias in the GxE effect and minimize the effects of unaccounted rGE, one needs to control for any potential confounder. This ensures that genetic effects on an outcome are not confounded (better explained) by environmental effects or vice versa. There are two straightforward approaches to doing so.
As seen previously, most GxE models are written in R using the following formula: y ∼ G*E. Assuming that one has two potential confounders c1 and c2, they could be added to the model by replacing the usual formula with: y ∼ G*E + c1 + c2. However, adjusting for covariates is actually not enough. As pointed out by Keller (2014), to eliminate any potential bias in the GxE term, one should not only adjust for the main effects of the covariates but also for covariate x environment interaction effects. Assuming that one has two potential confounders c1 and c2, one can adjust for their main and interaction effects by replacing the usual formula with: y ∼ G*E + c1*E + c2*E.
Another viable approach, specifically in cases where rGE is detected but GxE is still of primary interest is to regress E ∼ G and save the standardized (or non-standardized) residual values from this model (i.e. if e = β0 + β1g + ε, we take eresidual = (e − β1g)) for use as an environmental variable in the GxE model. The residualized variable represents the effect of E after G has been partialled out, thus statistically attenuating any effect of an rGE in the subsequent GxE model. In cases where there are multiple E effects, each E variable may be separately regressed on G. For more examples of this approach, see Li et al. (2017) and Salvatore et al. (2015).
Multiple Genetic and Environmental Factors
The GxE models we presented above assume only one genetic factor and one environmental factor. This greatly limits how well we can explain and predict an outcome phenotype. Rather than running multiple models with only a single genetic and environmental factor in each of them, it is preferable to include most available genetic/environmental factors into a single model. In this section, we show how to do so.
Adding Pairwise Interactions
The first approach to include multiple genetic and environmental variables in a GxE model is to add a main and interaction effect for each genetic variant and environmental variable. For example, assuming that we have four genetic variants g1, g2, g3, g4 and two environments e1, e2, we would construct the following model:

[image: $$ {\displaystyle \begin{array}{l}y={\beta}_0+{\beta}_{e_1}{e}_1+{\beta}_{e_2}{e}_2+{\beta}_{g_1}{g}_1+{\beta}_{g_2}{g}_2+{\beta}_{g_3}{g}_3+{\beta}_{g_4}{g}_4+\\ {}\kern1em {\beta}_{g_1{e}_1}{g}_1{e}_1+{\beta}_{g_1{e}_2}{g}_1{e}_2+{\beta}_{g_2{e}_1}{g}_2{e}_1+{\beta}_{g_2{e}_2}{g}_2{e}_2\\ {}\kern1em +{\beta}_{g_3{e}_1}{g}_3{e}_1+{\beta}_{g_3{e}_2}{g}_3{e}_2+{\beta}_{g_4{e}_1}{g}_4{e}_1+{\beta}_{g_4{e}_2}{g}_4{e}_2+\varepsilon \end{array}} $$]

 (15.2)




As can be observed, with this approach, the number of model parameters can quickly get out of hand. In this example, we ended up with twenty parameters instead of the seven parameters for a model without interactions. With k genetic variants and e environments, a GxE model would have 1 + k + l + kl parameters. Another way to look at it is that if one has e environments, every additional genetic variant adds k(l + 1) additional parameters in the model. For this reason, with this approach, one generally makes an assumption of sparsity, i.e., one assume that only a few of the parameters (main or interaction effects) are actually non-zero. Starting from this assumption, one can use an automated variable selection method to determine which main effect or interaction term should be retained. For variable selection, we generally recommend using lasso (also called L1 regularization) (Tibshirani 1996) or elastic net (Zou and Hastie 2005).
A peculiarity of using variable selection methods is that one may end up with certain genetic variants and environments only working in interaction while having no main effect terms. This is not technically a problem, but it can make interpretation difficult. However, there is a common rule-of-thumb in psychology which states that one should never include an interaction term when the main effect term is not included (Cleves et al. 2008). This idea has been formalized into strong and weak heredity (Chipman 1996). Strong heredity corresponds exactly to this rule-of-thumb; it states that if the interaction term is included, both main effect terms must be included. Weak heredity is a weaker version which states that if the interaction term is included, at least one of the main effect terms must be included. These concepts have been debated (Nelder 1998) and in the end, they only reflect one’s prior about how the interaction should be working. There is no rule in the real world that state that weak or strong heredity is required. A simple real-world example of a model with an interaction term, but no main effect, is Newton’s second law of motion. This law states that F = ma, i.e., the force of an object F is equal to the mass m of an object multiplied by its acceleration a. Imagine if Newton had incorrectly written that F = m + a + ma because of an arbitrary rule!
However, the reality is that not enforcing strong heredity is heavily frowned upon in the field. Thus, one can expect very strong resistance and backlash from reporting a model after variable selection which does not respect this arbitrary constraint. There are recent variable selection methods which accommodate strong or weak heredity (Choi et al. 2010; Bhatnagar et al. 2018), but we will not discuss them since they cannot handle multiple environments. For those interested in enforcing these constraints, they can use the R package called “sail” (Bhatnagar et al. 2019).
We will show an example respecting strong heredity using the variable selection method called “elastic net”. We assume the following model:[image: $$ y={e}_1+2{e}_2-.50{g}_1+.50{g}_2+.25{g}_2{e}_1+.25{g}_1{e}_1-.25{g}_1{e}_2+\varepsilon . $$]




We provide three genetic variants g1, g2, g3 and three environmental variables e1, e2, e3, but only g1, g2 and e1, e2 are actually part of the model.
[image: ../images/469610_1_En_15_Chapter/469610_1_En_15_Fign_HTML.png]
A common R package used for variable selection is “glmnet” (Friedman et al. 2010). This package uses the very popular “elastic net” regularization (Zou and Hastie 2005) which removes variables one by one. This means that there are as many models as the number of variables and one can choose the best model using a goodness-of-fit criterion. The glmnet package uses the 10-folds cross-validation mean squared error as criteria. Cross-validation can be very slow with large sample sizes or complex models with many variables (which includes all main effect and interaction terms). To ease the computational burden and for simplicity, we often prefer to use the AIC or BIC as criteria. For these reasons, we also show how to use the elastic net with the BIC; this is done through the HD econometrics package (Vasconcelos 2019). The reason why glmnet does not do this natively is that estimating the degrees of freedom in the elastic net is non-trivial and requires special considerations (see Tibshirani et al. 2012).
The code below show elastic net variable selection using 10-folds cross-validation (10-CV) mean squared error and BIC:
[image: ../images/469610_1_En_15_Chapter/469610_1_En_15_Figo_HTML.png]
The output is:
[image: ../images/469610_1_En_15_Chapter/469610_1_En_15_Figp_HTML.png]
As can be observed, we reach the same conclusion in both cases. It correctly finds that g1, g2 and e1, e2 are the genetic variants and environments to include. However, it includes too much of the interaction terms. Once variable selection is done, the model can be fitted:
[image: ../images/469610_1_En_15_Chapter/469610_1_En_15_Figq_HTML.png]
The output is:
[image: ../images/469610_1_En_15_Chapter/469610_1_En_15_Figr_HTML.png]
As can be seen, although the variable selection selected too many interaction terms, only the ones that were part of the true model ended up significant. Note that this is not always the case and one should never rely on p-values to decide which variables to retain.
Using Latent Scores Based on a Discovery Sample
In the previous subsection, we saw that the traditional approach of adding all pair of interactions does not scale well to a large number of genetic variants and environmental variables. Furthermore, although it is more interpretable, the interpretability comes with a large cost on biological plausibility. As previously mentioned, it is very unlikely that a single genetic variant interacts with a very specific environment variable to predict phenotype. A different way of conceptualizing how genes operate with the environment is to consider latent scores. In the simplest case, we assume a single genetic score and a single environmental score:
[image: $$ \mathbf{g}={p}_1{g}_1+{p}_2{g}_2+\dots +{p}_k{g}_k=\sum \limits_{i=1}^k{p}_i{g}_i, $$]



[image: $$ \mathbf{e}={q}_1{e}_1+{q}_2{e}_2+\dots +{q}_s{e}_s=\sum \limits_{j=1}^s{q}_j{e}_j, $$]



where g1, …, gk are the k genetic variants with associated weights p1, …, pk , and e1, …, ek are the s environments with associated weights q1,… , qk . We do not know the weights a priori, thus our goal is to estimate them. Once we choose the weights, we construct a simple GxE model by interacting the genetic score with the environmental score. With this approach, we can make the model simple at the expense of having a somewhat complicated linear combination of genetic variants (likewise for environments). We can interpret these latent scores as representing the underlying genetic and environmental contributions. They can range from only considering a few candidate genetic variants to considering millions of SNPs.
Importantly, latent genetic scores have many names in the literature: “multilocus genetic profile” (Green et al. 2017; Nikolova et al. 2011), “allelic score” (Burgess and Thompson 2013; Spycher et al. 2012), “SNP score” (Vrieze et al. 2012), “geno-type score” (Meigs et al. 2008), “genetic prediction score” Zhao et al. (2013) and most commonly “polygenic risk score” (Abraham et al. 2013; Cho et al. 2010; Mak et al. 2016). We prefer to refer to them as genetic scores given that they can represent either risk, benefit or susceptibility (for better or worse).
The common approach is to predict the phenotype using each genetic variant (main effects of the genes) individually in a discovery sample and use the effect size (co-efficient value divided by standard error) of each gene main effect as the weight for the latent genetic score (Belsky and Israel 2014). Discovery samples are independent samples with millions of SNPs and very large sample sizes to ensure that weights are well estimated. Discovery samples for genetic variants are generally called genome-wide association studies (GWAS).
An alternative to estimating individual effect sizes is to start from a model with all genetic variants and use regularization techniques such as lasso (Tibshirani 1996) or elastic net to end up with a more parsimonious model. Then, the parameters of the remaining genetic variants can be used as the weights for the genetic score (Abraham et al. 2013; Cho et al. 2010; Mak et al. 2016). Again, this is all done in a discovery sample.
Generally, the genetic score resulting from these approaches is called a “poly-genic risk score” (PRS). However, by definition, every genetic score is polygenic (has more than one gene) and we are not always trying to predict a negative outcome. This name also makes no mention of the specific method used to obtain the genetic score. Just keep in mind that if you encounter the word PRS is the literature, it probably means “a genetic score with millions of SNPs based on a discovery sample”.
We made no mention of latent environmental scores because these are very rarely constructed. A very new and small area of research is focused on estimating the weights of environmental scores using Environment-Wise Association Studies (EWAS) Park et al. (2014). Because of the rarity of these studies, creating an environmental latent score is difficult and most researchers resort to only using a single environment at a time. This significantly limits the explanatory capability of these models given that a single environmental exposure is not enough to characterize the environmental experience of an individual.
The approaches based on GWAS/EWAS have the advantage of estimating weights with high precision because of the very large sample used. However, the main problem is that they are not made with the purpose of constructing a GxE model; they are made with the goal of finding genetic markers of a specific phenotype. They work well for that purpose, but when used for constructing a genetic score, they completely ignore the contribution of the environment (since they are main effects, not interaction effects). Thereby, there is no guarantee that the estimated weights actually correspond to the optimal weights we expect to find when the genetic score interacts with the environment. This is highly problematic and it explains in part why GxE models which use these scores generally explain extremely little of the phenotypic variance (Lee et al. 2012; Risch et al. 2009). The approach we introduce in the next subsection solves this specific issue.
Using Latent Scores Based on LEGIT
In the previous subsection, we explained the idea behind latent genetic and environmental scores. However, we showed the traditional approaches are not made for the purpose of constructing a GxE model. This means that we do not obtain genetic and environmental scores that are optimally weighted for a GxE model. Instead of using a discovery sample, the Latent Environmental and Genetic InteracTion (LEGIT) (Jolicoeur-Martineau et al. 2018) approach instead directly estimates the optimal weights within the model (See Fig. 15.2) and in doing so solves this issue. Furthermore, this approach also estimates the weights of the environmental score. This is very useful considering the severe lack of research on large-scale environmental scores.[image: ../images/469610_1_En_15_Chapter/469610_1_En_15_Fig2_HTML.png]
Fig. 15.2Structure of a GxE model with latent genetic and environment scores. With the discovery sample approach, the weights of the genes (arrows from the genes to the genetic latent feature) are determined from a discovery sample before constructing the model. With the LEGIT approach, all parameters are estimated within the same model


When using genetic and environmental scores that contains more than one genetic or environmental variable, the standard GxE model becomes nonlinear with respect to its parameters. This challenge affects our ability to estimate the parameters of the genetic and environmental score using standard approaches such as OLS and GLMs. The trick proposed by Jolicoeur-Martineau et al. (2018) is to hold certain parameters constant so that the model becomes linear with respect to its non-constant parameters. Thus, it can be shown that one can estimate the full model by alternating between fitting parts of the model using OLS or GLMs (which is why this approach is called alternating optimization).
LEGIT starts by initializing the weights of the latent genetic and environment to some constant (e.g. gi = 1/k for all i ∈ [1, … , k]). Then, LEGIT works in three parts: it alternates between (1) estimating the weights of the GxE model while holding the latent scores constant, (2) estimating the weights of the latent genetic score while holding the latent environment score and the GxE model parameters constant and (3) estimating the weights of latent environmental score while holding the latent genetic score and the GxE model parameters constant. It iterates through these three steps until convergence (i.e. until the parameters of the model don’t change much anymore).
Note that LEGIT makes a specific assumption about the weights of the latent score that is not made with the discovery sample approach. LEGIT forces the weights of each score to sum to 1 in absolute weights (i.e. [image: $$ {\sum}_{i=1}^k{p}_i=1 $$] and [image: $$ {\sum}_{j=1}^s{q}_j=1 $$]). This assumption does not reduce the generality of the model. However, it provides better interpretability; we can interpret the weights as the relative contribution of each genetic variants (or environments) to their respective score. For example, with three genetic variants, the weights of the latent genetic score could be 1/4, −1/2, and 1/4.
The main advantage of LEGIT is that latent scores are optimally weighted for the model and sample considered. Because of this, in practice, we observe that LEGIT models explain a much larger proportion of the variance than those using weights estimated from a discovery sample. However, this comes at a risk of overfitting given that we fit a more complex model with more parameters (generally in a small sample). As opposed to the pairwise interaction approach, LEGIT scales to a large number of genes and environments. Assuming k genes and s environments, LEGIT only needs 2 + k + s parameters to estimate as opposed to 1 + k + s + ks for the pairwise interaction approach.
To test the LEGIT approach, we construct a synthetic dataset with three genetic variants and three environments using the following model:

[image: $$ y=0+{\beta}_e\mathbf{e}+2{\beta}_g\mathbf{g}+.50{\beta}_{ge}\mathbf{ge}+\varepsilon, $$]




[image: $$ g=\frac{1}{3}{g}_1+\frac{1}{3}{g}_2-\frac{1}{3}{g}_3, $$]




[image: $$ \mathbf{e}=\frac{3}{4}{e}_1+\frac{1}{4}{e}_2. $$]





We use the code below to create the synthetic dataset:
[image: ../images/469610_1_En_15_Chapter/469610_1_En_15_Figs_HTML.png]
Using the LEGIT package (Jolicoeur-Martineau 2018), we can construct a LEGIT model in the following way:
[image: ../images/469610_1_En_15_Chapter/469610_1_En_15_Figt_HTML.png]
The output is:
[image: ../images/469610_1_En_15_Chapter/469610_1_En_15_Figu_HTML.png]
[image: ../images/469610_1_En_15_Chapter/469610_1_En_15_Figv_HTML.png]
We see that LEGIT shows a glm output for each part of the model, the genetic score, the environmental score, and the GxE model. We see that the model is well estimated (Fig. 15.3).[image: ../images/469610_1_En_15_Chapter/469610_1_En_15_Fig3_HTML.png]
Fig. 15.3LEGIT model from the example


Lasso and elastic net are also available within LEGIT. We show the code to run elastic net:
[image: ../images/469610_1_En_15_Chapter/469610_1_En_15_Figw_HTML.png]
[image: ../images/469610_1_En_15_Chapter/469610_1_En_15_Figx_HTML.png]
The first output shows the models found by lasso after dropping one variable at a time (genetic or environmental). As expected, e3 is the first variable to be dropped and its corresponding model has the lowest AIC and BIC.
Testing the Type of a GxE
In GxE models, there is a two-way interaction between the environment and the genetic components. Generally, for interpretation, we consider the genetic component to act as the moderator, i.e. we consider that the environment has an effect on the phenotype, but how much and in what direction depends on the genes. From this perspective, we can classify individuals with different genetic profiles into two groups. Firstly, there are individuals who are relatively unaffected by the environment (the effect of the environment is around 0 with their genetic variants which are called “resilient”. Secondly, there are individuals who are sensitive to the environment; this group can be further separated into three subgroups: those only susceptible to negative environments, those only susceptible to positive environments, and those susceptible to both positive and negative environments.
From this frame of mind, we can conceptualize three types of gene-by-environment interactions: (1) “Diathesis-stress” which stipulates that individuals with “risk” alleles are more negatively influenced by bad environments (Zubin and Spring 1977), (2) “vantage sensitivity” which stipulates that individuals with “beneficial” alleles are more positively influenced by good environments (Pluess and Belsky 2013) and (3) “differential susceptibility” stipulates that individuals with “susceptibility” alleles are influenced by both good and bad environments (for better or worse) (Belsky 1997a, b). Note that in all cases, individuals who do not possess the “risk”, “beneficial”, or “susceptibility” alleles (i.e. those with g = 0 in Eq 15.1) are assumed to be resilient. It is also possible to further consider the possibility of sub-categorizing these three types by whether resilient individuals are still be weakly affected by the environment (“weak” models) or completely unaffected by the environment (“strong” models) (Widaman et al. 2012; Belsky et al. 2013).
In this section, we will show how to determine the type of interaction of a GxE model. We will present the classical approach (regions of significance) and the modern approach (confirmatory and competitive models).
We use two synthetic datasets as examples. In both of them, we assume that we have four genetic variants and three environments with the following latent genetic and environmental scores:

[image: $$ \mathbf{g}={.30}_{g_1}+{.10}_{g_2}+{.20}_{g_3}+{.40}_{g_4}, $$]





[image: $$ \mathbf{e}={.45}_{e_1}+{.35}_{e_2}+{.20}_{e_3}. $$]



Example 1 represents weak vantage sensitivity and it is based on the following formula:[image: $$ y=3+\mathbf{e}+2\mathbf{ge}+\varepsilon . $$]



Example 2 represents strong differential susceptibility (centered at e = 5) and it is based on the following formula:[image: $$ y=3+2\mathbf{g}\left(\mathbf{e}-5\right)+\varepsilon . $$]




Note that only Example 1 has an e term, this is because in weak models we assume that the environment can still have an effect when g = 0 (i.e. e ≠ 0), but in strong models we assume that the environment has no effect when g = 0 (i.e. e = 0).
A function already exists in LEGIT to create these synthetic examples, so we make use of it:
[image: ../images/469610_1_En_15_Chapter/469610_1_En_15_Figy_HTML.png]
Regions of Significance
Assuming that we have only one genetic variant and that it is a binary variable (0 = no genetic variant and 1 = with genetic variant). In this simple case, we have that the GxE model can be visually represented with two lines, one for those with g = 0 and one for those with g = 1. See Fig. 15.4a for a visual representation. More generally, there can be multiple (or even infinite) lines for each value of the genetic component.[image: ../images/469610_1_En_15_Chapter/469610_1_En_15_Fig4_HTML.png]
Fig. 15.4Testing of the type of interaction in a GxE model: diathesis-stress, differential susceptibility, or vantage sensitivity Jolicoeur-Martineau et al. (2020)


The Regions of Significance (RoS) approach (Aiken et al. 1991; Hayes and Matthes 2009; Preacher et al. 2006) tries to determine at which values of the environment are the lines significantly different. There are four possible cases: (a) the lines significantly differ when the environment is negative enough, (b) the lines significantly differ when the environment is either positive enough or negative enough, (c) the lines significantly differ when the environment is positive enough, and (d) the lines are never significantly different from one another within the observable range. Model (a) corresponds to diathesis-stress, (b) differential susceptibility, (c) vantage sensitivity and (d) “no evidence for a GxE”. Thus, by testing the regions of significance, we can determine the type of interaction. Note that, with this approach, we cannot determine whether the model is weak or strong. For more details on the equations and algorithm, we refer the reader to Preacher et al. (2006).
We can use RoS to test for the type of interaction in the two examples described above with the following code:
[image: ../images/469610_1_En_15_Chapter/469610_1_En_15_Figz_HTML.png]
The output is:
[image: ../images/469610_1_En_15_Chapter/469610_1_En_15_Figaa_HTML.png]
We see that in both cases, the results are correct.
However, in practice, RoS is prone to classification errors, especially with small samples (Jolicoeur-Martineau et al. 2017). For example, in simulations with a small sample of N = 250 and a moderate effect size of R2 = .10, the accuracy of RoS is slightly below 60%. This is very concerning considering its very popular use in child psychology where datasets and effect sizes are often even smaller. This means that most results coming from this method have a high probability of being misclassified.
Confirmatory and Competitive Models
Confirmatory and competitive models (CCMs) form another approach to determine the type of a GxE model. As opposed to RoS, it also tests whether the GxE is weak or strong. CCMs have been shown to have much better accuracy than RoS (Jolicoeur-Martineau et al. 2017), especially with small sample sizes. For example, with a sample size of 250 and a moderate effect size (R2 = .10), CCMs obtain an accuracy of 80% (as opposed to < 60% for RoS). Importantly, 80% can still be considered low; this suggests that testing for the type of interaction with high accuracy requires a sample with moderate size (N = 500). Thus, we recommend researchers to be careful about not drawing too strong conclusions when their sample is small. Please refer to the simulation figures in the paper by Jolicoeur-Martineau et al. (2017) as rough guidelines for your expected accuracy.
Instead of relying on significance testing, CCMs rely on model selection based on a goodness-of-fit criterion (in our examples, we rely on the BIC). CCMs are the GxE models that represent each of the six types of interaction (weak or strong differential susceptibility, diathesis-stress, vantage sensitivity). To construct such models, one first needs to reparameterize Eq. 15.1 so that one can directly estimate the crossover point. The crossover point is the point where the lines cross one another; if its 95% confidence interval is within the observable range of the environment component, we can say that the model corresponds to differential susceptibility. If we fix the crossover point to the lower end of the environment (assuming that the environment improves as e increases), then the model corresponds to vantage sensitivity. If we fix the crossover point to the higher end of the environment (assuming that the environment improves as e increases), then this corresponds to diathesis-stress. See Fig. 15.4b for a visual representation. This forms the basis of this approach.
The GxE is reparameterized as follows:[image: $$ y={\beta}_0+{\beta}_e\left(e-c\right)+{\beta}_{ge}\left(e-c\right)g+\varepsilon, $$]

 (15.3)


where c is the crossover point. The main change is that we removed βg and added c. Both Eqs. 15.1 and 15.3 can be shown to be equivalent. Note that this equation is nonlinear with respect to its parameters and thus cannot be estimated using standard OLS. However, Jolicoeur-Martineau et al. (2017) showed that it is possible to estimate the crossover point through a LEGIT model simply by considering the crossover point to be an intercept for the environmental score. The new environmental score can be represented with the following formula:[image: $$ \mathbf{e}=-c+{q}_1{e}_1+{q}_2{e}_2+\dots +{q}_s{e}_s. $$]



In doing so, the LEGIT GxE model can be represented with the usual equation as:
[image: $$ y={\beta}_0+{\beta}_e\mathbf{e}+{\beta}_{ge}\mathbf{eg}+\varepsilon . $$]



Thus, using LEGIT, we can easily construct CCMs. Of note, LEGIT can still be used when one only has one environmental variable and one genetic variant.
Assuming that the environmental score has a positive direction (increased e means better environment), we can test the six possible models (each representing a different type of interaction):	1.
Weak vantage sensitivity (βe estimated, c = min(e))

 

	2.
Strong vantage sensitivity (βe = 0, c = min(e))

 

	3.
Weak differential susceptibility (βe estimated, c estimated)

 

	4.
Strong differential susceptibility (βe = 0, c estimated)

 

	5.
Weak diathesis-stress (βe estimated, c = max(e))

 

	6.
Strong diathesis-stress (βe = 0, c = max(e))

 



For more details on the equations and algorithm, we refer the reader to Jolicoeur-Martineau et al. (2017).
We use the LEGIT package to fit CCMs for our two examples: (1) weak vantage sensitivity, and (2) strong differential susceptibility. Note that, in addition to classifying the type of interaction, the software also provides information on the crossover point: whether it is within observable range, its 95% interval and how many observations are below it. By default, the software assumes that the true possible range of the environmental variable/score is unknown, and it will automatically estimate it (default option: crossover = c("min","max")). However, if one knows a priori the minimum and maximum of the environmental variable/score, they can provide it (e.g. in our example, the minimum is 0 and the maximum is 10, so we use crossover = c(0,10)).
The following code fits confirmatory models, and then summarize and plot the model with the lowest BIC (which determines the type of interaction) (Fig. 15.5).:[image: ../images/469610_1_En_15_Chapter/469610_1_En_15_Fig5_HTML.png]
Fig. 15.5Confirmatory and competitive model with the best fit (lowest BIC) of example 1 (weak vantage sensitivity)


[image: ../images/469610_1_En_15_Chapter/469610_1_En_15_Figab_HTML.png]
The output for example 1 (weak vantage sensitivity) is:
[image: ../images/469610_1_En_15_Chapter/469610_1_En_15_Figac_HTML.png]
The output for example 2 (strong differential susceptibility) is:
[image: ../images/469610_1_En_15_Chapter/469610_1_En_15_Figad_HTML.png]
We observe that the model with the best fit (lowest BIC) is vantage sensitivity in example 1 and differential susceptibility strong in example 2, as expected (Fig. 15.6).[image: ../images/469610_1_En_15_Chapter/469610_1_En_15_Fig6_HTML.png]
Fig. 15.6Confirmatory and competitive model with the best fit (lowest BIC) of example 2 (strong differential susceptibility)


Conclusion
In this chapter, we discussed the standard GxE model (with a continuous or binary outcome), unmeasured confounding, multiple genetic and environmental variables, and testing for the type of interaction (diathesis-stress, vantage sensitivity, and differential susceptibility). Most of the chapter was very general and thus applicable to any sort of GxE model. Within the context of the book, one can use these tools to predict children’s outcomes based on their genotype and aspects of the prenatal or postnatal environment. There are a few important takeaways to remember from this chapter.
First, GxE models are easy to fit in R, but one should be extra careful when interpreting the results especially given the risk of unmeasured confounding; make sure to adjust for every potential confounder through main effects and interactions with the environment. Furthermore, try to verify that there is no rGE.
Second, considering multiple genetic variants is very important, but very difficult. The PRS extracted from GWAS only have valid weights for main effects models; they can still be used in GxE models, but one should expect the weights of the PRS to not be optimal for that context. For GxE models, approaches with weighted latent scores (such as LEGIT) are to be preferred.
Third, we showed that finding the type of GxE brings insight into the mechanism of the GxE and that it is best done using confirmatory and competitive models (available in LEGIT). However, one needs to be extra careful about the risk of misclassifying the type of interaction in small samples due to the large power demand of this type of testing.
We hope that this chapter will aid you in understanding and constructing GxE models.
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Introduction
In the United States, almost 10% of infants are born preterm (Purisch and Gyamfi-Bannerman 2017), a figure that has changed little since the 1980s. Babies born extremely preterm (≤ 28 weeks’ gestational age at birth), or at extremely low birth weight (ELBW; ≤ 1000 g), are among the most at risk. As a result of advances in neonatal intensive care during the past four decades, more of these infants are surviving than ever before, reaching 75% to 90% in the United States and other high-income countries (Blencowe et al. 2012; Field et al. 2008; Stoll et al. 2015).
Extremely preterm neonates who survive have experienced severe stresses, including untimely exposure to the extrauterine environment, ongoing separations from the mother, and life-saving but painful medical procedures in neonatal intensive care units (NICU). Preterm neonates who are also born small for their gestational age (SGA) have faced additional stresses related to placental insufficiency, a pathological condition that leads to chronic undernourishment and hypoxemia of the fetus, and, ultimately, intrauterine growth restriction (IUGR) (Malhotra et al. 2019). Studying adults exposed to these adverse prenatal/perinatal conditions provides unique opportunities to gain insights about their long-term impacts and potential directions for intervention.
Surprisingly, the enhanced odds of survival for the tiniest babies have not been accompanied by comparable reductions in the complications associated with prematurity (Allen et al. 2011; Saigal and Doyle 2008). The trade-off for increased survival may be increased risks to post-natal health, cognition and learning, and neurophysiological functioning (Moster et al. 2008; Raju et al. 2017; Wilson-Costello et al. 2005). The neurological sequelae of preterm birth range from no impairment or subtle impairment (e.g., visual contrast sensitivity; O’Connor et al. 2002) to severe disability (e.g., cerebral palsy; Krägeloh-Mann and Cans 2009). Even in the absence of major disability, adult ELBW survivors face an extensive range of long-term morbidities in comparison to their peers born at normal birth weight (NBW; ≥2500 g), encompassing physical, cognitive, and mental health difficulties, and lower levels of vocational attainment. These difficulties are chronic sources of stress that reduce the efficiency of the body’s physiological responses to significant challenges and increase allostatic load. High levels of morbidity in adults born extremely preterm present a significant burden for these individuals, their families, and health-care systems (Frey and Klebanoff 2016).
Similar to preterm birth, growth restriction (IUGR) has been linked with significant morbidity in the form of altered brain structure and function (Borradori-Tolsa et al. 2004; Levine et al. 2015; Lodygensky et al. 2008); cognitive, language, and motor delays (e.g., Geva et al. 2006; Leitner et al. 2005; Morsing et al. 2011); and a greatly increased risk of cerebral palsy (MacLennan et al. 2015). Impaired fetal growth also has been associated with higher plasma cortisol levels in adulthood (Seckl 2004) and increased risks for developing chronic diseases later in life (Barker and Thornburg 2013).
Our current understanding of the long-term outcomes of survivors of extremely preterm birth derives partly from prospective studies of particular cohorts born preterm (e.g., McMaster University, Ontario, Canada; Rainbow Babies and Children’s Hospital, Ohio, USA; the Victorian Infant Collaborative Study, Victoria, Australia; the Bavarian Longitudinal Study, Germany) and partly from European registry studies that include records on all levels of prematurity (e.g., the Medical Birth Registry of Norway; the Swedish Medical Birth Register; the Helsinki Birth Cohort). Typically, Cohort studies collect detailed assessments of developmental change in a limited number of adults born preterm and a comparison group with gestational ages in the normal range (37 to 42 weeks).
Registry studies involve limited information from the largest possible number of individuals of all gestational ages in a population (Irgens 2000). Longitudinal studies suggest that survivors of preterm birth in several cohorts fared reasonably well during their early years (e.g., Hack et al. 2007; Lindström et al. 2007; Saigal et al. 2006) but, by their early 30s, diverged substantially from full-term comparison participants. 
In the present chapter, we review long-term outcomes for ELBW survivors across a range of domains, including physical health, neuropsychiatric functioning, and sociodemographic attainments. In particular, we highlight the McMaster Extremely Low Birth Weight Cohort—the oldest known prospectively followed cohort of ELBW survivors. Participants in this cohort were born from 1977 to 1982, during the early era of neonatal intensive care, with a mean weight of 837 g and a mean gestational age of 27.0 weeks. Forty-three (24%) of the 179 infants born at ELBW were also SGA, with a mean weight of 806 g and mean gestational age of 29.6 weeks—below the weight that most closely predicts normal development at 2 years of age (835 g; Torrance et al. 2010). Participants were assessed in infancy, childhood, adolescence, young adulthood (early 20s), and adulthood (early 30s). In addition to an overview of their functional status in adulthood, we also provide a discussion of issues related to intervention and resilience among ELBW survivors.
Early Programming
Originally, the term “fetal programming” was used to describe the long-term consequences of variations in fetal nutrition (Lucas 1991). Since then, fetal programming theories have broadened to account for associations between conditions present in early life and adult health outcomes more generally. Environmental factors during the periconceptual and perinatal periods are thought to permanently influence an individual’s long-term developmental trajectory (Gluckman and Hanson 2004; Gluckman et al. 2010, 2016). Specifically, fetal adaptation to adverse intrauterine conditions may alter organ development and function, increasing the risk for disease later in life, a framework known as the developmental origins of health and disease hypothesis (DOHaD; Gluckman et al. 2008; see also Barker and Thornburg 2013). The conceptual basis for such alterations is developmental plasticity, defined as the ability of an organism to develop in different ways, depending on environmental conditions (Gluckman et al. 2008). Highly adverse prenatal conditions are reflected in shorter gestation and smaller body size at birth.
Early programming may explain how adverse prenatal conditions can lead to long-term physiological vulnerability in multiple functional domains. Human fetal regulatory systems are highly sensitive to maternal stress (e.g., Entringer et al. 2009; Glover et al. 2010), exposure to toxins (e.g., BPA; Kundakovic et al. 2015), nutritional deprivation (e.g., Brown et al. 2000; Tobi et al. 2018), maternal infection (e.g., Bilbo and Schwarz 2009) or inflammation (Golan et al. 2005), and maternal health behaviors such as smoking (e.g., Zeskind and Gingras 2006). The downstream effects of these exposures depend on their timing, the maturational state of the fetal brain, and fetal sex (Bock et al. 2014). Male fetuses are more vulnerable than female fetuses to adverse intrauterine environments (e.g., Bale 2011, 2016). Fetal adaptation to adverse conditions may lead to differences in morphology (e.g., reduced numbers of nephrons in the fetal kidney; Black et al. 2013; Sutherland et al. 2011), altered endocrine (Glover et al. 2010; Moisiadis and Matthews 2014; Murgatroyd and Spengler 2011; Seckl 2004) and autonomic (Brown et al. 2000; Zeskind and Gingras 2006) regulatory control, and changes to epigenetic gene regulatory mechanisms (e.g., Jansson and Powell 2007; Murgatroyd and Spengler 2011). Evidence from non-human animal models and human studies suggests that dysregulation of the epigenome—the biological interface between genetically determined developmental processes and evolving environmental influences—is a candidate mechanism for increased susceptibility to chronic diseases (e.g., Tobi et al. 2018; Gluckman and Hanson 2004; Waterland and Jirtle 2004).
Physical Health
In the childhood studies of the McMaster Cohort, visuomotor and motor coordination abilities were significantly poorer in ELBW survivors than their NBW counterparts (Saigal et al. 1991). Motor coordination and muscle strength were lower than expected in their 20s (Poole et al. 2018; Saigal et al. 2007), along with self-ratings of physical self-efficacy and self-confidence (Saigal et al. 2007). In their early 30s, the ELBW adults showed greater abdominal fat deposition (Crane et al. 2016), reduced lean mass (Morrison et al. 2016), and increased risks for hypertension and metabolic dysregulation in comparison to the NBW adults (Morrison et al. 2016). Parasympathetic autonomic regulation of heart rate was reduced in some of the ELBW survivors in their 20s and declined further by the time they reached their 30s (Mathewson et al. 2014). Consistent with DOHaD predictions, ELBW adults reported significantly more chronic health conditions in their 30s than did NBW adults (Saigal et al. 2016a). Molecular-level markers of biological aging (differential DNA methylation patterns) even suggested that some of the adult ELBW survivors may be differentially vulnerable to epigenetic aging by age 30–35 years (Mathewson et al. 2017b; see also Shalev et al. 2014; Mathewson et al. 2020).
Similar group differences are reported in other cohorts of young adult ELBW survivors, including reduced physical capacities (e.g., endurance, dexterity, muscle strength; Rogers et al. 2005), exercise capacity (Clemm et al. 2014), and motor coordination (Danks et al. 2012; Rogers et al. 2005) in comparison to adults born at NBW. Hypertension has been observed in adolescents (Bonamy et al. 2005; Rossi et al. 2011) and adults (Hovi et al. 2016; Johansson et al. 2005) born preterm. Respiratory risks are substantially increased, particularly in those who experienced bronchopulmonary dysplasia (BPD) in infancy (up to 14 times the risk; Halvorsen et al. 2004). Long-term risks for chronic diseases (e.g., de Jong et al. 2012; Luu et al. 2016; Parkinson et al. 2013) and all-cause mortality are also higher than in NBW adults (Crump et al. 2011). In sum, adverse perinatal conditions appear to confer significant physiological vulnerability on ELBW survivors that may undermine their long-term health, mobility, work, and social interaction.
Neuropsychiatric Functioning
Similar to risks for chronic health conditions, risks for psychopathology are known to increase with the degree of prematurity (e.g., Lindström et al. 2009; Mathiasen et al. 2011). In the McMaster cohort, adults born at ELBW were more likely than their NBW counterparts to have experienced mood disorders or anxiety (e.g., Boyle et al. 2011) and other non-substance-related psychiatric problems (Van Lieshout et al. 2015). If they were exposed prenatally to corticosteroids (e.g., to accelerate lung development), they were more than 11 times as likely to report problems with inattention as NBW adults. Socioemotional and relationship problems were also more common among ELBW survivors (Mathewson et al. 2017a; Saigal et al. 2016a). These findings are consistent with accounts of attentional (Halmøy et al. 2012) and emotional difficulties (Johnson et al. 2010; Lindström et al. 2009; Natalucci et al. 2013) from other regions. Swedish registry studies indicate that ELBW survivors are more likely to be hospitalized for psychiatric problems in adolescence and young adulthood (Lindström et al. 2009; Nosarti et al. 2012) and more likely than adults born at NBW to be prescribed psychiatric medications (Crump et al. 2010). The degree of risk varies widely, and symptoms tend to cluster in specific areas, in particular, attention regulation and interpersonal or emotional difficulties. Significant aggression or delinquency is uncommon.
Some mental health difficulties may be rooted in physiology. Measures of asymmetric frontal cortical activity have served as objective indices of stress vulnerability and psychopathology risk for several decades (Allen et al. 2018; Davidson 2000; Harmon-Jones and Gable 2017). Individuals exhibiting greater relative left frontal EEG alpha asymmetry at rest are prone to expressing positive emotion, likely to seek social interaction, and tend to engage in approach behaviors (e.g., Schmidt and Fox 1994). Conversely, greater relative right frontal EEG alpha asymmetry at rest has been associated with negative emotion and social avoidance behaviors (e.g., Schmidt 1999). Individual differences in alpha asymmetry are known to remain relatively stable across time (Nusslock et al. 2015) and context (Schmidt et al. 2003).
Frontal alpha asymmetry was assessed in the McMaster ELBW Cohort on two occasions. In their early 20s, the ELBW group displayed greater relative right frontal asymmetry at rest than their NBW peers (Schmidt et al. 2010), in conjunction with increased anxiety/depression between adolescence and young adulthood. The findings were replicated and refined a decade later (Krzeczkowski et al. 2018). In their 30s, the ELBW group continued to exhibit greater relative right frontal asymmetry as compared to the NBW adults along with a range of self-reported psychological problems. As suggested in Fig. 16.1, the group difference was driven mainly by the ELBW adults who were exposed to corticosteroids before birth, suggesting that even one or two instances of prenatal corticosteroid exposure may have significantly influenced the development of resting neurophysiological activity in ELBW adults. Together, these electrophysiological studies provide a physiological basis for increased stress vulnerability and internalizing psychopathology in adults born at ELBW.[image: ../images/469610_1_En_16_Chapter/469610_1_En_16_Fig1_HTML.png]
Fig. 16.1(a) Mean differences in resting relative right frontal EEG alpha (11.5–13.5 Hz) asymmetry between ELBW survivors exposed to steroids (ELBW-S; n = 23) versus survivors not exposed to steroids (ELBW-NS; n = 28) versus NBW controls (n = 66) at age 30–35. (b) Mean differences between birth weight and steroid exposure, adjusted for concurrent depression and current income. The group difference between ELBW-S and NBW was attenuated to p = 0.06, but the association between birth weight steroid exposure and frontal alpha (11.5–13.5 Hz) asymmetry remained significant (b = 0.22, p = 0.04) (Krzeczkowski et al. 2018, Clinical Neurophysiology)


Additional findings from the McMaster Cohort indicate that children born at ELBW may be more vulnerable than NBW children to traditional risk factors for mental health problems (e.g., peer victimization, abuse; Day et al. 2016), and they may derive less benefit from traditional resilience factors (e.g., caring parenting, skills in music or art; Van Lieshout et al. 2018a). Similarly, European studies indicate that children born very preterm require much more optimal childhood environments to reach the average functional levels displayed by their NBW peers (Jaekel et al. 2015; Rahkonen et al. 2014). Although sensitive parenting is especially beneficial for some preterm survivors in some domains (e.g., Wolke et al. 2013), cognitive and affective difficulties may arise even when this advantage is present (Wolke 2011).
The most recent data from the McMaster study suggest that ELBW mental health difficulties and their attendant stresses do not resolve spontaneously with maturity. Problems related to shyness, anxiety, and depression appear to persist beyond age 30 (Poole et al. 2018, 2020; Van Lieshout et al. 2018b).
Quality of life is rated consistently lower by ELBW adults than their NBW peers, especially if neurosensory impairments are present (Saigal et al. 2016b; see Fig. 16.2). Importantly though, the context in which significant differences are reported is important for interpreting these findings. When quality of life ratings were based on individuals’ uniquely personal values rather than community preferences, birth weight group differences in quality of life ratings dissipated (Saigal et al. 2006). Social influences, such as being in a romantic relationship, also may attenuate social difficulties (e.g., shyness) in adult ELBW survivors (Xu et al. 2018).[image: ../images/469610_1_En_16_Chapter/469610_1_En_16_Fig2_HTML.png]
Fig. 16.2Quality of life (Health Utility Instrument 3; HUI3) trajectories for ELBW (with and without neurosensory impairment; NSI) and NBW groups between adolescence and adulthood (Saigal et al. 2016b, Journal of Pediatrics)


Cognitive impairments are also common in preterm populations. At age 8 years, the ELBW children in the McMaster Cohort had IQ scores that were 9–13 points lower than in the NBW group, with similar results for math, reading, and non-verbal reasoning (Saigal et al. 1991). Furthermore, childhood cognitive abilities predicted deficits in higher-order perceptual processing (Mathewson et al. 2019) and rates of ADHD symptoms (Lahat et al. 2014) in adulthood. They also proved to be important mediators of income attainment in mid-life (Dobson et al. 2017).
ELBW children and adolescents from other cohorts have shown comparable vulnerability to neurocognitive impairment (e.g., 40–65%; Farooqi et al. 2006; Grunau et al. 2002; Johnson et al. 2009a; Twilhaar et al. 2018), and learning disabilities (Johnson et al. 2009b; Moster et al. 2008), with specific deficits in mathematics (Basten et al. 2015), visual-spatial skills (Marlow et al. 2007; Mikkola et al. 2005), and executive functioning (Farooqi et al. 2016; Marlow et al. 2007). Childhood differences in cognitive performance (e.g., 10-20 IQ points Mikkola et al. 2005; Johnson et al. 2009a) were similar in adult ELBW survivors (e.g., 12–14 IQ points lower; Lefebvre et al. 2005).
The cognitive limitations seen during development have a neurological basis (Johnson and Marlow 2014). Neural substrates in infants (e.g., Parikh et al. 2013) and adults (e.g., Narberhaus et al. 2009) born at ELBW may differ either as a consequence of altered gestational processes (e.g., arrested oligodendrocyte maturation, myelination failure; Buser et al. 2012) or perinatal brain insults (e.g., periventricular hemorrhage; Volpe 2009) associated with preterm birth. Notably, the developmental disturbances that follow such brain insults may have a greater influence on cognitive (Meng et al. 2016; Eikenes et al. 2011; White et al. 2014) and emotional (Bock et al. 2014) functioning than the perinatal injuries themselves (Abernethy et al. 2002; Volpe 2009). To date, findings from the McMaster Cohort suggest lingering maturational delays in brain development, seen in atypical patterns of central nervous system functioning in young adults (Miskovic et al. 2009). Allostatic loads may be higher when neuropsychiatric vulnerabilities, cognitive limitations, and neurological differences are present (see also Chap. 11 Stress in Fetal Life Ex Utero).
Sociodemographic Attainment and Quality of Life
For the ELBW survivors from the McMaster Cohort, the traditional milestones of young adulthood—living outside the parental home, completing higher education, attaining financial autonomy, and establishing a family—have been reached at comparatively older ages (Saigal et al. 2016a). In their early 30s, fewer ELBW adults were employed full-time, and mean incomes were significantly lower than those of their NBW peers (Saigal et al. 2016a). At that age, adult ELBW survivors were more likely than the NBW participants to be single and half as likely to have had children (Saigal et al. 2016a). Cognitive (Dobson et al. 2017; Basten et al. 2015; Ritchie and Bates 2013) and social difficulties related to shyness and risk aversion (Poole et al. 2020; Schmidt et al. 2008) may have contributed to these outcomes by dissuading ELBW adults from pursuing higher-paying careers and hampering attempts to find romantic partners and well-paid employment.
Evidence from Norwegian and Swedish registry studies further indicates that physical and financial independence in young adults are inversely associated with gestational age (Lindström et al. 2007; Moster et al. 2008). Adult survivors of preterm birth are significantly more likely than NBW adults to have received remedial education (Johnson et al. 2009b; Lefebvre et al. 2005; Pyhälä et al. 2011) and are less likely to have completed a bachelor’s or postgraduate degree (Cooke 2004; Moster et al. 2008). As a group, they tend to be underemployed (Hille et al. 2007) and are more likely to depend on social assistance (Moster et al. 2008) because of neurosensory impairments or intermittent illness. Consequently, mean incomes in adults born at ELBW may be chronically reduced, undermining their ability to cope with both daily hassles and unexpected crises (Epel et al. 1998) and their long-term independence and economic viability.
Heterogeneity in Long-Term Outcomes in ELBW Survivors
Although studies of the McMaster Cohort and others indicate poorer adult outcomes among ELBW survivors, most developmental researchers of preterm birth (including our group) rely heavily on statistically significant differences between preterm and full-term groups to reach conclusions about the long-term risks associated with prematurity. While this approach is valid for assessing group differences and the variables that may mediate them, it does not address the considerable heterogeneity that is typical of most cohorts. Despite substantially higher mean risks, the majority of preterm survivors do not develop serious morbidities (Crump et al. 2019; Doyle and Anderson 2010). Many adults born at ELBW display limited evidence of psychiatric morbidity (Van Lieshout et al. 2015), have found full-time employment (Saigal et al. 2016a), are biased toward facial expressions of positive emotion (Schmidt et al. 2017), and report a reasonably high quality of life (Raju et al. 2017; Saigal et al. 2006). Many have begun families as well (Saigal et al. 2016a). Explaining heterogeneity in a group requires attention to individual differences in the predictive factors and their interactions with a variety of environmental features. Although being born at ELBW does increase the level of risk no particular outcome is inevitable for an individual ELBW survivor.
Intervention and Resilience
Considerable efforts have been directed to identifying characteristics or strategies that will help children born preterm “beat the odds” (e.g., Lean et al. 2020; Poehlmann-Tynan et al. 2015; Provenzi et al. 2019; Spittle and Treyvaud 2016; Taylor et al. 2019; Treyvaud et al. 2012). The specific goals of these efforts are to identify traits that predict positive development (e.g., intellectual functioning, adequate familial SES) and effective early training (e.g., in quality parenting or working memory) to improve long-term outcomes. This variable-focused approach (Masten et al. 2004) may hold considerable promise for improving outcomes in extremely preterm cohorts born recently, and in future cohorts, but is unlikely to “move the dial” from vulnerable to resilient for current ELBW adult survivors (Taylor et al. 2019). One reason is that the optimal periods for intervention namely, gestation (e.g., Dolinoy et al. 2007; Jansson and Powell 2007), the early post-natal period (Murgatroyd and Spengler 2011), and early childhood (e.g., Milgrom et al. 2013; Spittle and Treyvaud 2016) have passed. A second reason is that there may be a biological floor for brain plasticity at about 33–34 weeks’ gestational age that limits the degree to which the brain can compensate for premature exposure to the post-natal environment. For individuals born at shorter gestations, interventions may be less effective (Wolke et al. 2015). Although such a biological limit still assigns most of the preterm population to the category that is amenable to intervention (85%; Blencowe et al. 2013), it may be a source of stress for individuals whose mean gestational age at birth was <28 weeks, and their families.
Can resilience be acquired by ELBW survivors in adulthood? Given the paucity of resilience studies involving adults born at ELBW (Spittle et al. 2015), it may be informative to examine resilience in other contexts. It is helpful to recall that the emergence of resilience—defined as positive adaptation in the context of significant risk or adversity—is primarily dependent on the response to the adversity, rather than the specific nature of the adversity (Masten and Powell 2003). For example, internal decisions affecting mental set can be pivotal to improving long-term outcomes (Quinton and Rutter 1988). In severely disadvantaged young adults, individual differences in self-reflection, “planfulness” (future orientation and achievement motivation), and personal efficacy led to meaningful social and economic success in those with these habits as compared to others without them (Quinton et al. 1993). In another study, a small group of disadvantaged young adults assessed as “maladaptive” at age 20 years were redefined as “resilient” at age 30 years (Masten et al. 2004), based on positive attributes identified at the earlier assessment. Their success in accomplishing the developmental tasks of adulthood was strongly predicted by individual differences in planfulness, future motivation, autonomy, and coping measured at 20 years, on top of any positive childhood factors such as quality parenting or adequate socioeconomic resources. Adverse circumstances did not determine their final trajectories.
Forensic studies of adversity have also recognized the potential for new environments to present unforeseen opportunities to develop successful coping. When optimally timed, life-altering circumstances may produce critical turning points in the trajectories of individuals facing serious adversity (Laub and Sampson 2003; Sampson and Laub 1996; see also Masten et al. 2004). The demands of a radically altered physical and social context may offer “second chance opportunities” for success in adulthood (Laub and Sampson 2003; Masten et al. 2004; Masten and Powell 2003; Sampson and Laub 1996). For young offenders raised during the Great Depression, mediators of these turning points included military service, marriage into healthier families, new responsibilities at work or school, and religious conversion. The positive long-term outcomes in these scenarios did not ultimately depend on the net sum of risk and protective factors in the environment. They depended primarily on individuals’ responses to highly unfavorable circumstances (Rutter 2012).
These naturalistic examples of resilience in the face of developmental adversity imply that resilience may be acquired, at least to a degree. Importantly, resilience depends most on modifiable factors such as personal decisions, behavioral responses, and environmental opportunities. In adulthood, ELBW survivors are in a position to recruit personal resources (positive beliefs and social support), and to seek out environments that offer opportunities for new responsibilities and greater agency, despite having little control over the factors consigned to them by nature or fortunate early exposures. There are important material benefits to be gained from altered beliefs and behaviors. First positive beliefs and a sense of personal efficacy tend to mobilize physiological and psychological resources that allow individuals to better regulate their responses to unexpected stressors. When challenges are seen as manageable, neuroendocrine (Epel et al. 1998; Sapolsky et al. 2000) and cardiovascular (Epel et al. 1998; Seery 2011) systems are able to react rapidly and recover quickly. Efficient physiological adaptation to repeated stressors (allostasis) reflects resilient physical and psychological functioning (Epel et al. 1998). Second brain architecture is dynamically modified throughout the lifespan, indicating that some capacity for adaptive plasticity and change is retained in adulthood (McEwen and Bulloch 2019; McEwen et al. 2015). Evidence from animal studies and, increasingly, human studies suggests that epigenetic regulation of genes involved in socioemotional functioning and behavior remains responsive to protective experiences and environmental enrichment well after the traditional developmental windows of plasticity have closed (Doherty and Roth 2016; Rönn et al. 2013). In that case, some level of resilience remains attainable in adulthood and is available to ELBW survivors.
Almost two decades ago, a structured clinical approach to developing resilience was outlined as a universal planning and policy tool for health-care decision-makers. In 2001, the World Health Organization published the International Classification of Functioning, Disability and Health (known as ICF; World Health Organization 2001, 2002), a follow-up to publication of the International Classification of Impairments, Disabilities, and Handicaps, two decades earlier (World Health Organization 1980). In contrast to its predecessor, the ICF emphasized a continuum of functional levels rather than a dichotomy between disability and ability, on grounds that decrements in health, and therefore, some level of disability, may happen to anyone. Rather than attempting to restore “normal” function, the ICF proposed linking activities of which people are capable to their own goals for functional achievement (Saigal and Rosenbaum 2007). In the ICF model, management of serious health conditions is considered successful to the extent that affected individuals are able to do the things that are meaningful to them. The model highlights bidirectional interactions between health conditions (physical or mental disorders) and two sets of contextual factors with important roles in determining functional capacity—those pertaining to the person (sex, age, profession, individual history, choices, and interests) and those found in the environment (physical, family, technological, institutional, and societal conditions). Actions taken by the individual mediate between the contextual factors and health conditions. The ICF model has been recommended for managing very challenging, multi-faceted conditions, such as cerebral palsy (Rosenbaum and Stewart 2004).
In this model, the first task in managing a serious long-term health condition is to identify the functional domains that are most important. The next step is to assess the gaps between one’s current capacities and one’s desired performance in those domains. If the gaps are significant, then taking action to alter one’s physical, social, or political environment will be necessary to reduce encumbrances and create or make use of new opportunities to work toward the desired level of performance. The ultimate objective is to accomplish self-defined goals in whatever ways work best (Rosenbaum and Stewart 2004). These accomplishments heighten the individual’s sense of personal agency, improve motivation, and enlarge future expectations. Essentially, the ICF model offers a structured approach to increasing resilience in order to better manage daily physiological and psychological stresses in the context of significant adversity.
Given the enduring effects of early-life programming on brain development and physiology, cultivating resilience in adulthood is not projected to be easy or total, nor is it likely to raise ELBW survivors to superior levels of functioning. Outcomes are likely to be “a mix of important real-life successes in the context of some continuing difficulties” (Rutter 2012). Nonetheless, adopting a strategy to promote resilience is likely to produce measurable physiological and psychological benefits for current and future adult ELBW survivors (see also Chap.​ 14 Gestational Stress and Resilience).
Clinical and Research Recommendations
First, awareness of the potential health risks associated with preterm birth (e.g., mental health difficulties, overweight) in ELBW survivors, their families, and health-care professionals needs to be increased. Recognizing the long-term stresses associated with extremely preterm birth is a necessary first step for improving capacities to deal with them. A practical but often overlooked suggestion for clinicians is to inquire about preterm birth during regular patient history-taking (Crump 2015). It can be a relief for preterm survivors to discover that there are neurophysiological reasons for some of the difficulties they have encountered. Greater understanding of the far-reaching effects of extremely preterm birth and IUGR also may increase the motivation of survivors to engage in protective health behaviors (e.g., physical activity) (Crump 2015) and to seek professional support when appropriate.
Unfortunately, resilience tends to be lower among adults born very preterm than their peers born at term (Hack et al. 2007). To effectively manage stresses associated with preterm birth, behaviors associated with resilience must be actively cultivated (e.g., Schmidt et al. 2017). ELBW survivors would benefit from strategies to develop self-reflection, autonomy, positive beliefs, and openness to new experience. These strategies aim to enlarge the personal self-efficacy of ELBW survivors and encourage them to take advantage of opportunities that may be available in their social and cultural environments. Self-chosen goals are critical, as people are much more inclined to work at things that are important to them (Rosenbaum and Stewart 2004).
Second, it is becoming increasingly obvious that the consequences of being born extremely small continue to affect survivors in maturity (World Health Organization 2015). Accordingly, a life course approach to care should be applied to extremely preterm birth and IUGR. At a minimum, this would include continued monitoring into adulthood and, where needed, providing continued support (Crump 2015; Crump et al. 2019; Raju et al. 2017; Saigal et al. 2016a). Support in adulthood should focus on the social-emotional care of individuals born extremely preterm to reduce the effects of possible long-standing worries and depression (Goodman et al. 2011) and to improve capacities for generating an independent income and navigating social and family relationships.
Finally, research focused on the long-term sequelae of extremely preterm birth will require pooling data from multiple cohorts to overcome the limitations of small sample sizes. Although it is growing, the proportion of the population that is born extremely preterm remains relatively small, comprising only 5% of the more than 14.9 million preterm babies born per annum, worldwide (Goldenberg et al. 2008). Individuals who experienced IUGR in addition to extremely premature birth represent a smaller fraction of this total (e.g., one quarter of the McMaster ELBW Cohort) yet are vulnerable to particularly high levels of allostatic load. Pooled estimates of both populations would provide a clearer picture of the long-term physiological and psychological effects of extremely preterm birth than underpowered single studies.
Summary and Conclusions
Extremely preterm birth is a complex, multi-faceted risk factor that in may require significant management across the lifespan (Crump 2015; Crump et al. 2019; Raju et al. 2017; World Health Organization 2015). On the whole, preterm survivors face a wide range of physiological, neuropsychiatric, cognitive, and social difficulties that do not spontaneously resolve by adulthood. Consonant with the DOHaD hypothesis, the consequences of stresses related to extremely preterm birth and/or IUGR continue to affect survivors in maturity, contributing to allostatic loads that hinder thriving, reduce quality of life, and influence disease processes. Although very little research to date has focused on interventions in adult preterm survivors, naturalistic examples (e.g., severe socioeconomic disadvantage) and structured models from other contexts (e.g., cerebral palsy) provide helpful illustrations of resilience. At the fulcrum of these models are the individual’s decisions and personal responses for managing the legacy of severe adversity. These factors can powerfully influence long-term outcomes for better or for worse.
The oldest cohorts of ELBW survivors are on the cusp of middle age, a life stage that sharpens the need for maintenance of physical and mental health, even in NBW adults. In addition to maintaining current levels of functioning, age-related memory loss and cognitive decline will also need to be managed. These problems begin earlier and progress more quickly in individuals with lower cognitive reserve (Gu et al. 2018; Whalley et al. 2016), increasing the urgency to address them in adults born at ELBW.
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Introduction
Sleep is a key developmental process, associated bidirectionally with many spheres of functioning. On the one hand, sleep disturbances are a common manifestation of many forms of psychopathology. On the other hand, sleep perturbations and sleep deprivation can affect both mental and physical health. The establishment of the sleep-wake cycle is a developmental process that evolves throughout the lifespan, and like many other pathways, its development originates in pregnancy. As covered in this book, the influence of experiences during pregnancy are long-lasting but can also interact with experiences after birth, such as the environment, adversity, protective factors, and social interactions.
When conversing with new parents, one of the first questions people generally ask is “how is your infant’s sleep?” This question likely reflects a recognition of the complex nature of the sleep-wake cycle in infancy as well as how challenging sleep issues can be in some families. This chapter will first review the development of the sleep-wake patterns in infancy as well as why sleep is so important in development. Then, a summary of the literature linking prenatal stress and sleep-wake behaviors will be presented from a developmental perspective. Key confounding variables that influence the association between prenatal stress and children’s sleep, as well as potential mechanisms explaining this relationship, will also be covered. Finally, a few suggestions regarding clinical interventions will be proposed.
Sleep in Infancy
The Importance of Sleep
Humans spend about one-third of their lives sleeping, and this proportion is even higher in infancy. When we are sleeping, we are not only perceptually disengaged from the environment but also unresponsive to it (Carskadon and Dement 2017). However, contrary to what it looks like behaviorally, sleep is an active process, not a passive one. Indeed, sleep is involved in many functions and developmental spheres, such as brain development, learning and memory, emotion regulation, appetite, and immune function (Touchette et al. 2009). For example, sleep deprivation and sleep problems in children are linked with mental health difficulties, neurodevelopmental disorders, and attentional difficulties (ADHD) (Chorney et al. 2008; Gruber 2014). Some sleep difficulties disappear spontaneously during the course of development. Nevertheless, they sometimes persist into childhood, adolescence, and even adulthood, justifying the need to evaluate sleep early in development (Hayley et al. 2015; Sivertsen et al. 2017; Tikotzky and Shaashua 2012).
Sleep is not only an individual process. While research clearly shows the impact of sleep deprivation on different aspects of development, it is important to keep in mind that sleep is also a social process. When there are sleep issues in a child, deleterious impacts are not solely observed in that child; they are also observed in other members of the family with an impact on their own sleep, mood, and quality of relationships. These interactions often create a loop that has the potential to further interfere with the child’s sleep patterns.
Development of the Sleep-Wake Cycle
There are two processes that interact to regulate the sleep-wake cycle: the homeostatic and the circadian processes (Achermann and Borbély 2017; Deboer 2018). The homeostatic process can be conceptualized as a debt system: the longer an individual is awake, the more extensive the sleep debt will become, and accordingly, the more the drive to sleep will increase. The other process is the circadian one, a 24-h internal clock. In mammals, the main circadian pacemaker is located in the suprachiasmatic nucleus of the hypothalamus. However, external factors, such as light exposition, can also influence the circadian process. The interaction between the homeostatic and circadian processes determines sleep behaviors, as well as sleepiness and alertness.
The establishment of the sleep-wake cycle is a developmental process that shows major changes throughout the lifespan. Infants born at term spend most of their time sleeping, with an average of 16–18 h every day (Parmelee Jr. et al. 1964). However, unlike the sleep-wake cycle of adults, infant sleep is fragmented into several short sleep periods of 2 or 3 h. Moreover, there is no difference between night and day, since their circadian rhythm is not yet developed.
Several characteristics of the sleep-wake cycle change drastically during the first months and years of life. Sleep duration decreases gradually, reaching about 11 to 14 h between one and two years of age (Coons and Guilleminault 1982; Hirshkowitz et al. 2015). Moreover, sleep patterns also evolve, with sleep becoming more consolidated, as observed by a lower number of awakenings during the night, longer periods of sleep without interruption, a higher proportion of sleep during the night, and fewer naps during the day (Mirmiran et al. 2003). This developmental evolution is influenced by both endogenous (e.g., brain development, temperament, genetics) and exogenous (e.g., environment, parental practices, parent-child relationship) factors (Jenni and O’Connor 2005; Sadeh et al. 2010). Therefore, sleep patterns are the result of an interaction between development, biology, and the environment.
Measuring Sleep in Infancy and in Childhood
Different tools exist to measure sleep; some provide an objective assessment of sleep while others provide a subjective one. Polysomnography (PSG) is considered to be the gold standard for measuring sleep objectively. PSG not only allows for the measuring of sleep-wake patterns (such as sleep duration, number of awakenings), but it also provides information on sleep architecture, i.e., the time spent in different sleep stages (light sleep, slow wave sleep, rapid-eye movement-REM sleep). However, since it requires installing electrodes on the scalp (electroencephalography, EEG), it is used less often in infants and young children, even though it is noninvasive (Bennet et al. 2016). Moreover, while it is possible to perform PSG recordings at home, most of the time they are performed in a sleep laboratory, which is not necessarily indicative of one’s habitual sleeping patterns.
A second way of measuring sleep objectively is via actigraphy, which consists of wearing a wristwatch-like device on the nondominant ankle (in infancy) or arm (in older children). It is important to understand that actigraphy does not provide information about sleep stages (even though some commercial devices or applications tend to suggest it does) but rather measures motor activity. This method is based on the assumption that there is less motor activity during sleep than during wakefulness. It can therefore provide an indication of one’s sleep-wake cycle or sleep schedule. Actigraphy has been shown to correlate well with both the use of sleep logs and polysomnography (Sadeh et al. 1995), and it can be used as a reliable indicator of sleep-wake patterns in children and adults (Belanger et al. 2013; Paquet et al. 2007). It facilitates a naturalistic study of children’s sleep-wake patterns in a noninvasive way; it describes their sleep-wake organization and quality of sleep without interfering with the family’s routine.
Videosomnography is a third commonly used objective sleep assessment method in infancy (Anders and Sostek 1976). This method involves an overnight video recording of an infant sleeping in their natural environment. Video recordings are later analyzed and coded by trained individuals to obtain behavioral sleep data. Videosomnography has been shown to have high concordance with polysomnography for detecting wakefulness in infants (Anders and Sostek 1976). This method is particularly advantageous over actigraphy for capturing night waking episodes as it uses cues beyond motor movement, such as eye openings and vocalizations (Camerota et al. 2018; St James-Roberts et al. 2015). It is also advantageous over subjective measures of sleep as it captures night waking episodes that parents may not be aware of or remember in the morning. Moreover, it can provide an objective description of parental practices and interventions during the night. While videosomnography poses many benefits, it also poses certain impracticalities, including at-home installations of equipment, high recording expenses, potential equipment failures, and privacy concerns (Camerota et al. 2018; Sadeh 2015).
Most of the studies measuring sleep in infancy use subjective measures. Some use sleep diaries, where mothers are asked to indicate when their child is going to bed, falling asleep, waking up during the night, and waking up in the morning. Depending on the objective of the study, this can be done over a period of a few days or weeks. It has the advantage of being a prospective measure as mothers fill in the information each morning, as opposed to trying to remember what happened many nights ago. It is also an ecological measure since it is completed at home, in a natural environment. Finally, many studies use different types of questionnaires (some of which are validated) that document information related to various aspects of infant sleep (such as total nocturnal sleep duration, number of awakenings, parental practices related to sleep, perception of a sleep problem) over a specific time frame (e.g., over the last week, over the last few weeks, or in general). While subjective measures have the advantage of reflecting how parents perceive their infant’s sleep, the inconvenience is that the process can also be biased by their own mood, state of mind, or perception. Moreover, parents may not necessarily be aware or remember every infant nocturnal behavior that occurs during the night.
There are no best measures. When it comes to selecting a methodology, the best strategy is to choose one as a function of the research or clinical question. However, when comparing studies with incongruent results, it is important to keep in mind the types of measures that were used as different measures may lead to different outcomes.
Defining What Is a Sleep Problem
Several definitions and methodologies are used to characterize sleep disturbances in childhood. Depending on these methodologies, the prevalence of sleep problems can vary between 20% and 40% (Byars et al. 2012; Gaylor et al. 2005; Lam et al. 2003; Lozoff et al. 1985; Mindell et al. 2006; Owens 2008; Petit et al. 2007).
The most common difficulties described in infancy and childhood are bedtime resistance and frequent nighttime awakenings. In most studies, the evaluation of sleep disturbances is based on parental reports and therefore mainly relies on awakenings that are signaled by the infants. However, nighttime awakenings, even if they are not observed by parents, are a common phenomenon in infants. Studies using objective measures, such as actigraphy, videosomnography, and polysomnography, often show that infants wake up at least 1 to 3 times per night during their first years of life (Gaylor et al. 2001; Hoppenbrouwers et al. 1988; Sadeh et al. 1991; Scher 2001; Scholle et al. 2011; St James-Roberts et al. 2015). Some authors have suggested that a distinction should be made between sleep consolidation (ability to sleep for a continuous period during the night) and sleep regulation (the ability for the infant to fall asleep without parental assistance at bedtime and during the night) (Henderson et al. 2011; Mindell and Owens 2015).
As discussed, there are many different ways to measure sleep. We may therefore wonder how sleep problems should be defined, especially in infancy when sleep behaviors are reported by parents. Parents’ definition of what constitutes a “sleeping problem” may diverge from expert definitions (Middlemiss 2004; Morrell 1999). For instance, in a study including 781 mothers, about one-third of them described that their one-month-old infant’s sleep was a problem, despite the limited developmental capacity that infants have to self-soothe at this age (Hiscock et al. 2014). On the contrary, other parents do not interpret night awakenings as problematic in infancy (Ramos et al. 2007). Since the literature has shown considerable inter-individual variability in the sleep consolidation process (Henderson et al. 2010; Pennestri et al. 2018), parents’ interpretations play a role when describing infant sleep-wake patterns. Even among professionals, there is a lot of controversy on the subject (Blunden et al. 2011; Ramos and Youngclarke 2006; Sadeh et al. 2011).
Other sleep disorders in infancy and childhood include nightmares, sleepwalking, sleep terrors, sleep-related rhythmic movements (such as body rocking), sleep bruxism (tooth grinding), sleep enuresis (bed-wetting), restless legs syndrome, narcolepsy, and sleep apnea. However, these sleep disorders were rarely examined in relation with prenatal stress and will not be covered in this chapter.
Prenatal Stress and Children’s Sleeping Behaviors
While the relationship between prenatal stress and several areas of development, such as the emotional and cognitive spheres, has been described in much detail (Capron et al. 2015; Grizenko et al. 2012; Slykerman et al. 2015), literature on its potential influence on children’s sleeping behavior is still limited. Although prenatal stress encompasses a variety of challenges, most of the research linking prenatal stress and children’s sleep focuses on maternal mood. This is not surprising since maternal depression is the most common psychiatric disorder during pregnancy (Lee et al. 2007). Therefore, this chapter will mainly focus on prenatal depression, with a few studies also including measures of anxiety or other forms of prenatal stress, such as the presence of anger or objective hardship. Since sleep is a developmental process, patterns change drastically at different stages of development, which complexifies comparisons between studies. Consequently, a developmental perspective will be used in this chapter. Studies conducted in newborns will be presented first, followed by studies conducted in infants and toddlers.
Pregnancy and Newborns
Sleep and circadian rhythms can already be observed during the fetal period. By comparing the frequency of eye and body movements of fetuses and newborns, authors have suggested that some fetal states are comparable to quiet sleep and active (REM) sleep (Nijhuis et al. 1982). More precisely, quiet and active sleep can be observed and differentiated during the last 10 weeks of gestation (Mirmiran et al. 2003). However, to our knowledge, no studies have investigated if there exists a link between prenatal stress and these specific fetal states.
Nevertheless, fetuses of depressed mothers were shown to spend more time in an active state than fetuses of nondepressed mothers (Dieter et al. 2001). In this particular study, 35% of the variance in fetal activity was explained by combined prenatal depression and anxiety scores, suggesting a very early link between prenatal stress and infant behavioral activity. Building on these results, the same group of researchers conducted a series of studies using different sleep-wake behavioral observation paradigms to assess the association between prenatal stress and infant sleep-wake behaviors, soon after birth.
In a first paper, authors reported an association between maternal prenatal anger and infant sleep (Field et al. 2002). Anger was measured during the second trimester of pregnancy using the Profile of Mood States anger scale (POMS), and mothers were divided into a high and low anger group. Infant sleep-wake behaviors were coded for movements and sleep states during a 3-h video recording on the first afternoon after birth. Newborns in the high-anger group showed an increase in sleep-wake state changes, suggesting more awakenings and instability. Newborns and mothers in the high-anger group also showed higher cortisol levels. Subsequently, the authors described similar sleep disturbances associated with maternal prenatal anxiety (Field et al. 2003). Infants of mothers with higher prenatal anxiety spent more time in deep sleep, less time in quiet and active alert states, and showed more state changes in the same 3-h observation period following birth. The authors also documented that infants of anxious mothers spent less time crying.
In a third paper, authors compared the sleep-wake behaviors of newborns as a function of maternal prenatal depression state (Field et al. 2004a). Depression was assessed with the Center for Epidemiological Studies Depression Scale (CESD) during the second trimester of pregnancy. Newborns of depressed mothers spent a greater percentage of time in indeterminate sleep than newborns of nondepressed mothers, again on the first afternoon after birth. Furthermore, when maternal prenatal symptoms of depression were considered as a continuous measure, they predicted an increase in neonatal indeterminate sleep.
The same group (Diego et al. 2005) later characterized the sleep-wake behaviors of infants during a period of 45 min, at about 2 weeks of life. They found that infants of mothers who were either depressed during the prenatal period only or during both the prenatal and postpartum periods showed more disturbed sleep and were crying more often than infants of nondepressed mothers. These infants were also less alert and spent more time in indeterminate sleep.
Finally, another study from the same group was conducted in a larger sample of 253 pregnant women recruited during the second trimester of pregnancy. Instead of relying on self-report measures of depression, women in this study were classified as a function of a depression diagnostic based on a structured psychiatric interview (structured clinical interview for DSM-IV axis I disorders; SCID) (Field et al. 2007). At around one day of age, infants were observed for a period of 15 min by a researcher who was blind to the study hypotheses and the group assignment. During these 15 min, a sleep-wake behavior observation was conducted. It was found that newborns of depressed mothers spent less time in deep sleep, more time in indeterminate sleep, and more time in a fussing or crying state than newborns of nondepressed mothers. Interestingly, mothers in the depression group also reported more sleep disturbances during pregnancy than mothers in the nondepression group. Moreover, mothers in the depression group also reported higher anxiety and anger scores during pregnancy.
Based on these few studies, it seems reasonable to conclude that the presence of prenatal stress in mothers is associated with changes in sleep-wake behaviors in the days and weeks following birth. In general, sleep seems more disturbed and more disorganized. An increase in indeterminate sleep has also been reported in several of these early studies. It is noteworthy that this state has previously been identified as an early marker of behavioral disorganization (Anders et al. 1971; Thoman 1990). Finally, while a general effect of prenatal stress was observed, it remains difficult to disentangle the unique contributions of depression, anxiety, and anger in these studies since comorbidity among these symptoms was quite high.
In Infancy
Findings on the link between prenatal stress and sleep in infancy are largely congruent and suggest that prenatal stress is again associated with infant sleep outcomes. For example, Armitage et al. (2009) found that infants born to mothers with a history of major depressive disorder had significantly longer sleep latency, shorter nocturnal total sleep time, lower sleep efficiency, more daytime sleep episodes, and shorter average duration of daytime sleep episodes at 2 weeks and 6 months than infants born to nondepressed mothers. These infants also had significantly more nocturnal sleep episodes (indicative of more awakenings) at 2 weeks than infants of nondepressed mothers. While this study’s total sample size was smaller (N=18), it is one of the rare studies that used actigraphy to assess sleep.
In a larger study of 1221 mother-infant dyads, greater maternal depressive symptomatology during pregnancy predicted a long sleep-onset latency and an irregular sleep routine at 3 months, as measured by questionnaires (Brief infant sleep questionnaire, BISQ) (Morales-Munoz et al. 2018). These authors also found that greater maternal prenatal anxiety symptomatology during pregnancy predicted a long sleep-onset latency and co-sleeping at 3 months, while a greater amount of stressful life events predicted co-sleeping only. A longitudinal case-control study found that infants of prenatally depressed mothers presented with significantly more symptoms of sleep problems at 1 year of age than controls, as assessed by the mothers with the Infant-Toddler Social and Emotional Assessment (ITSEA) (Gerardin et al. 2011).
Interestingly, there is preliminary evidence for an association between stress and infant sleep parameters even when stress is measured before pregnancy. In a prospective cohort study of 874 women, preconceptional psychological distress, assessed with the General Health Questionnaire (GHQ-12) before pregnancy, was associated with a 23% increased risk of infant night waking at 6 months and a 22% increased risk at 12 months, as reported by the mother (Baird et al. 2009). Importantly, this finding was independent of postnatal depression.
Finally, in a prospective cohort study of 264 women, Galbally et al. (2018) found that infants of mothers exposed to antidepressants during pregnancy had a shorter sleep duration (again, assessed with the BISQ) at 6 months postpartum than infants of mothers not exposed to antidepressants during pregnancy. However, this finding was not replicated at 12 months. Moreover, there were no differences in daytime sleep duration, nocturnal infant signaling, duration of night wakefulness, and nocturnal sleep onset at 6 or 12 months between infants of mothers exposed and not exposed to antidepressants during pregnancy. Galbally et al. (2018) also found that prenatally depressed women were not more likely to perceive an infant sleep problem than nondepressed women at 6 or 12 months.
In Toddlers
A few studies have investigated whether prenatal stress is associated with child sleep-wake patterns even in toddlerhood. In a series of two studies from the same group, 286 mothers were interviewed at multiple time points, from the tenth week of pregnancy to 16 months postpartum (Martini et al. 2017; Petzoldt et al. 2016). Maternal anxiety and depressive disorders were assessed with a structured diagnostic interview, as well as information on their infants’ excessive crying, feeding, and sleeping problems. Overall, depressive disorders prior to, during, and after pregnancy were associated with difficulties in initiating and maintaining sleep in 16-month-old children. Interestingly, while the association between maternal depressive disorders and feeding problems was only present in first-time mothers, the association between maternal depressive disorders and sleeping problems was observed irrespective of parity. In contrast, authors found that women with anxiety disorders were not at increased risk of infant sleeping problems.
In a prospective cohort study of 1676 women, depression during pregnancy was associated with shorter child nocturnal sleep duration at 1 and 2 years (Nevarez et al. 2010). This was significant even after controlling for several confounding variables, such as maternal age, parity, education, household income, infant gender, and race/ethnicity. Children of mothers who were depressed during pregnancy slept 0.36 fewer hours per day at 1 year and 0.38 fewer hours per day at 2 years compared to children of mothers who were not depressed during pregnancy.
In a large prospective longitudinal community sample of 14,541 pregnancies (Avon Longitudinal Study of Parents and Children; ALSPAC), O’Connor and colleagues (2007) found that higher levels of prenatal maternal anxiety and depression predicted parental report of several sleep problems at 18 and 30 months. Again, this association remained significant even after considering psychosocial covariates, obstetric complications, and postnatal mood. Moreover, these associations were not only observed in children of mothers with scores in the clinical range. The ALSPAC cohort and another large longitudinal cohort (Generation R) were also used by Netsi et al. (2015b). These authors specifically examined if reactive temperament, which is considered a marker of developmental susceptibility, and gender moderate the association between prenatal depression and child sleep. Total sleep duration over 24 h and number of awakenings were collected through maternal report at 18 (ALSPAC) and 24 months (Generation R). Authors found that boys with higher reactive temperament and who were exposed to prenatal maternal depressive symptoms had shorter sleep duration and more nocturnal awakenings.
We can thus wonder if such a relationship is still observable at a later age. In a recent large prospective cohort study (N=2321), women with clinically significant levels of depressive symptoms (CESD) throughout pregnancy reported shorter sleep duration, longer sleep latency, and higher odds of more frequent nocturnal awakenings in their toddlers (3.5 years), compared to women with consistently low depressive symptoms throughout pregnancy (Toffol et al. 2019). Toddlers of women with clinically significant levels of depressive symptoms during pregnancy also had higher odds of having a variety of sleep disorders, as reported by their mothers. These associations were not pregnancy stage specific, since maternal depressive symptoms showed high stability throughout pregnancy. Moreover, these associations remained significant even after considering key covariates, such as child perinatal characteristics. However, this study adds an important nuance since authors also measured postnatal depressive symptoms at the same time point that mothers documented their child’s sleep behaviors. They found that postnatal depression mediated the associations between prenatal depression and several sleep variables, especially sleep duration and nocturnal awakenings (although this was not the case for all sleep variables).
Finally, Simcock et al. (2019) conducted the QF2011 Queensland Flood Study, which comprised a cohort of 134 mothers who experienced a major flood in Australia, to investigate the effects of a natural disaster on prenatal maternal stress and children’s outcomes. This paradigm has the advantage of disentangling the genetic material shared by the mother and the child from an independent external natural stressor that happened specifically during pregnancy. The Child Behavior Checklist sleep scale was used to measure sleep problems at 2.5 years. While current maternal mood at 2.5 years was associated with children’s sleep, subjective distress and depression scores (EPDS) during pregnancy were not significantly correlated with child sleep problems at 2.5 years. However, objective maternal hardship during pregnancy had a significant effect on child sleep problems at 2.5 years: more severe flood-related hardship was associated with higher sleep problem scores. Objective hardship was measured with questions related to the disaster, such as physical hurt, loss of property, and the need to change homes because of the flooding.
Overall, these findings suggest that prenatal stress, mostly depression, is associated with more disturbed sleep across the first year of life. However, it should be noted that most of these studies used subjective measures of child sleep (maternal report). While some of these measures have been validated, it is important to keep in mind that some other confounding variables may be influencing mothers’ perceptions of their child’s sleeping behaviors.
Influence of Confounding Variables
While several studies suggest a link between prenatal stress and children’s sleep-wake behaviors at different stages of development, some results are contradictory. As explained before, these inconsistencies might be due to the different ages at which children were assessed, the type of sleep or stress measurements used, or the definition of sleep problems. Still, several confounding variables have the potential to influence, or at least nuance, the findings presented earlier. Some of these potential confounding variables will be discussed in this section.
Postnatal Depression
Postnatal depression is perhaps one of the most important factors to consider in the relationship between prenatal stress and children’s sleep. While mothers, in general, are at risk of developing mental health difficulties during the postpartum period (O’Hara and Wisner 2014; Soliday et al. 1999), this risk increases with the presence of prenatal stress. Mothers suffering from prenatal depression are more at risk of presenting with postnatal depression (Edwards et al. 2008; van der Waerden et al. 2015). In one of the studies presented earlier, postnatal depression explained a greater proportion of sleep disturbances than prenatal depression (Simcock et al. 2019). Moreover, the effect of prenatal depression on some child sleep variables was sometimes mediated or at least partially mediated by postnatal depressive symptoms (Toffol et al. 2019). In contrast, some studies showed that prenatal depression predicted sleep perturbations in children, even after controlling for postnatal mood (Baird et al. 2009; Netsi et al. 2015b; O’Connor et al. 2007). However, since many protocols do not necessarily include a measure of postnatal depression, we might wonder if the association between prenatal stress and children’s sleep behaviors would be preserved when including postnatal mood. More prospective studies should include such a measure to clarify these complex relationships.
There are several ways postnatal depression could influence children’s sleep behaviors, such as by introducing a bias in the sleep outcome measures (Hiscock and Wake 2001). Indeed, only one of the studies described in this chapter used an objective measure of sleep instead of maternal report. Thus, the presence of postnatal depression could directly influence mothers’ interpretations of their children’s sleep behaviors. Previous studies have shown that the definition of a sleep problem may diverge between parents (Ramos et al. 2007). Moreover, several authors have described a bidirectional relationship between parenting practices or perceptions and child sleep (Sadeh et al. 2010). Therefore, a loop between postnatal maternal depressive symptoms and infant sleep difficulties can likely be observed, where one phenomenon increases the presence of the other and vice-versa. Finally, from a more concrete point of view, mothers suffering from depression are probably more likely to also suffer from insomnia or sleep difficulties, since it is one of the diagnostic criteria for depression. Consequently, mothers who are awake at night may be more aware of their child’s awakenings.
On the other hand, some studies have shown an association between prenatal stress and sleep-wake behaviors very early in development, after only a few hours of life (Field et al. 2002, 2003, 2004a, 2007). These results support a more direct influence of prenatal stress. It would be interesting to follow these infants longitudinally, to document if their sleep-wake perturbations persist later in development.
Temperament
Temperament also has the potential to influence the relationship between maternal prenatal stress and child sleep-wake patterns. Several studies report a high comorbidity of several regulatory problems, such as excessive crying, feeding problems, and sleeping problems (Wolke et al. 1995). These difficulties are particularly common in the first years of life. One can thus wonder if prenatal stress specifically impacts sleep behaviors or if it has a broader impact on temperament.
Since sleep difficulties in infants are associated with irritability and fussiness (Keener et al. 1988; Schaefer 1990), they also have the potential to influence mothers’ perceptions. A mother who thinks she has a “difficult infant” in general will probably be more likely to also rate her infant’s sleep as problematic. Indeed, many scales that are commonly used to measure temperament or, more specifically, negative emotionality (a temperament component) often include items about sleep. Indeed, children presenting with difficult temperaments have been found to have shorter sleep duration and more sleep problems, although it is not yet possible to conclude that there is a causal relationship (Ednick et al. 2009; Weissbluth 1983). Infants with higher negative emotionality often experience negative emotions with greater intensity and have more difficulty self-soothing than other infants (Rothbart et al. 2001). It is thus quite possible that they elicit more parent comforting at bedtime and during the night, which in turn may increase the likelihood of perceiving an infant sleep problem.
An alternative hypothesis is that temperament acts as a moderator. In line with this hypothesis, infants with lower negative emotionality would still show a healthy development and adaptive sleep-wake patterns even when exposed to prenatal and/or postnatal stress, while infants with higher negative emotionality would become more at risk of developing disturbed sleep when exposed to prenatal and/or postnatal stress (Netsi et al. 2015b).
Sleep-Related Parental Practices
It is well-known that several sleep-related parenting practices, such as sleeping arrangements, feeding method, and practices around bedtime or during the night, are associated with children’s sleep patterns. For instance, breastfeeding, co-sleeping (sharing the same room), and bed-sharing (sharing the same surface) have often been associated with more fragmented sleep in infancy (Petit et al. 2007; Simard et al. 2008; Touchette et al. 2009). One hypothesis is that these practices are associated with increased parental presence. Therefore, the infant needs the parent to stay with them at bedtime or during nighttime awakenings in order to go back to sleep. Authors have suggested that these children will also tend to signal their awakenings more often by crying or calling for their parents, as opposed to soothing themselves back to sleep. However, other authors have proposed alternative hypotheses. Mothers who are breastfeeding and co-sleeping share greater proximity with their infant. Therefore, they are more likely to notice their infant’s nighttime awakenings, even though these awakenings are not necessarily perceived as problematic (Ramos et al. 2007).
Unfortunately, while perinatal characteristics or obstetrical complications are often included as confounding variables, very few studies include measures of sleep-related parenting practices. It would be interesting to verify if observed relationships would remain significant even when including these variables. From another perspective, a few studies have shown a direct relationship between prenatal mood and sleep-related parenting practices. One study found that greater maternal prenatal anxiety symptomatology during pregnancy and a higher frequency of stressful life events in the last 6 months were associated with a higher frequency of co-sleeping at 3 months (Morales-Munoz et al. 2018). The same study found an association between higher maternal depressive symptoms during pregnancy and an irregular sleep routine at 3 months. Another study found that prenatal maternal depression was associated with higher rate of bed-sharing at 6 months (Galbally et al. 2018). More work, probably also including postnatal mood, is needed to better understand the interplay between prenatal mood, child sleep patterns, and parenting practices.
The Role of Culture, Expectations, and Perceptions
We discussed earlier that sleep behaviors are the result of an interaction between biology and the environment. A critical component of the environment is culture. While cross-cultural elements have been identified as an essential part of pediatric work, very few researchers have considered this aspect in pediatric sleep research. Most of the studies presented earlier in this chapter were, in fact, conducted in Western societies. Important work conducted by Mindell et al. (2013) using an internet-based questionnaire showed significant cross-cultural differences in many aspects of sleep among preschoolers, including sleep patterns, sleep arrangements, and parental perceptions of sleep problems. For instance, while co-sleeping is commonly used in Asian countries, it is generally less practiced in Caucasian countries (Mindell et al. 2010).
In a thorough review, Jenni and O’Connor (2005) explain that some behaviors that are considered as sleep problems are closely linked to culture and are “based on culturally constructed definitions and expectations.” They further describe that it is often a poor fit between infant needs and cultural expectations that leads to the perception of a sleep problem. This can be applied to bedtime routine, parental presence during bedtime or during the night, and parenting strategies that are used in response to nocturnal awakenings. Another recent review of sleep-related behavioral interventions also emphasized that current studies do not include samples with sufficient diversity (Schwichtenberg et al. 2019).
Since most pediatric sleep studies use maternal reports of sleep disturbances, the perception of mothers plays an important role, as well as the advice given by their physicians. Interestingly, it was shown that many pediatricians often base their advice on their own cultural values and beliefs in the perinatal field (Freed et al. 1995a, b).
Other Confounding Variables to Explore
It is of course impossible to cover all possible confounding variables that could contribute to the association between prenatal stress and children’s sleeping behaviors in the context of this chapter. For instance, socioeconomic factors, psychosocial aspects, prenatal smoking and alcohol consumption, use of antidepressants during or after pregnancy, preterm birth, and intrauterine growth retardation are just a few examples of factors that are associated with both sleep and mental health. To further complexify these relationships, children living in challenging environments unfortunately often face multiple interrelated risk factors. In fact, there is probably a cumulative effect of these risk factors. Finally, the presence of protective factors should also be evaluated, such as the involvement of the father, both during pregnancy and during the first years of life. Recent studies have shown that both parents play a complementary role in children’s sleep (Dubois-Comtois et al. 2019; Millikovsky-Ayalon et al. 2015). Unfortunately, as in many disciplines, there is a lack of studies including fathers in pediatric sleep research.
Potential Mechanisms Linking Prenatal Stress and Children Sleeping Behaviors
Several mechanisms can contribute to explaining the association between prenatal stress and children’s sleeping behaviors. Three plausible mechanisms will be reviewed and described here, namely, the presence of shared genetic components, the fetal programming hypothesis, and the mediating influence of mother-child interactions.
Genetic Components
Genetic components may be one mechanism linking prenatal stress with children’s sleeping behaviors. Considering the high comorbidity and common characteristics among sleep disturbances, stress, and psychiatric symptoms, a genetic vulnerability shared between the mother and child can probably lead to an increased risk of both mental health disorders and sleep disturbances.
Maternal psychiatric symptoms, such as depression and anxiety, are well-known risk factors for the development of mood disorders in childhood and later on in development. Longitudinal analyses confirm the familial transmission of depression and related disorders (Pawlby et al. 2009; Weissman 2006; Weissman et al. 2005). About one-third of children who have a parent with a severe mental illness will also develop one (Rasic et al. 2014). Considering that children born to depressed mothers are more likely to develop depression than children born to nondepressed mothers, early sleep disturbances observed in at-risk infants and young children could potentially represent a prodrome of mental health disorders.
Some studies presented earlier revealed that mothers with depression, anxiety, or other forms of prenatal stress also showed sleep disturbances during pregnancy (Field et al. 2007). To that effect, evidence for a genetic component of sleep patterns and sleep disorders is also recognized. Studies performed in twins have shown that there is a genetic influence of subjective sleep quality (Barclay et al. 2010; Heath et al. 1990). Even when investigating objective sleep patterns with EEG, twin studies have revealed a genetic influence for variables such as sleep stages and duration of nocturnal awakenings (Barclay and Gregory 2013; Linkowski et al. 1991). Moreover, several studies showed the presence of a strong familial aggregation of insomnia (Bastien and Morin 2000; Dauvilliers et al. 2005; Drake et al. 2008).
While animal studies can provide insights on the specific impact of stress during pregnancy in laboratory-based controlled experiments, it is more difficult to disentangle genetic factors and stress during pregnancy in humans. However, a study presented earlier in this chapter documented the sleep of infants born to women who went through a natural disaster during pregnancy (Simcock et al. 2019). By using this paradigm, authors can more specifically address the effect of a pregnancy stressor on children’s sleep, independent of heritable traits. The results of this study suggest that factors other than genetic inheritance contribute to the link between prenatal stress and children’s sleep.
Fetal Programming Hypothesis
Another plausible mechanism linking prenatal stress with increased sleep disturbances is the fetal programming hypothesis. Epidemiological data and the perinatal programming hypothesis suggest that the effects of prenatal adversity may affect the next generation. For instance, an augmentation of stress during pregnancy is associated with an increase in the level of maternal glucocorticoids. Since glucocorticoids can cross the placenta, they can alter fetal development, and more specifically, the functioning of the hypothalamic-pituitary-adrenal (HPA) axis (Davis and Sandman 2010) (See also Chap. 3. The Developmental Effects of Prenatal Maternal Stress).
Animal studies have shown that experimental manipulations leading to prenatal stress promote a hyperresponsivity of the HPA axis (Weinstock 1997). Early-stressed offspring show higher baseline activity, increased responsivity to acute stressors, and prolonged responsivity (Champagne and Meaney 2001; O’Donnell and Meaney 2017; Talge et al. 2007). This mechanism is believed to represent an adaptative fetal change in order to prepare the newborn for a challenging postnatal environment (Gluckman and Hanson 2004a). As a result, this increased state of vigilance can increase survival chance, because the newborn will then be physiologically prepared to live in an unpredictable (potentially even dangerous) environment and be better adapted (Kaiser and Sachser 2009). However, since the subjective prenatal stress experienced by the mother does not necessarily match the environment in which the infant is born, this cascade of events and increased vigilance state can result in maladaptive symptoms, such as internalizing symptoms or sleep disruptions (Gluckman and Hanson 2004b) (See also Chap. 13. Prenatal Programming of Postnatal Plasticity).
This mechanism is also of great interest to better understand the development of chronic insomnia in adulthood. Insomnia has been identified as a state of elevated hyperarousal and stress reactivity (Bonnet and Arand 2010; Perlis et al. 2001). Moreover, it has been proposed that insomnia is not a disorder that occurs solely during the night, but rather a disorder of 24-h hyperarousal (Roehrs et al. 2014). It has also been proposed that this hyperarousal state is a baseline characteristic of insomniac patients (Drake et al. 2004). Again, animal studies have shown that prenatal and early-life stress can lead to more fragmented sleep and modifications of the sleep architecture (Dugovic et al. 1999). Following this hypothesis, the sleep disturbances observed in infants of mothers with high prenatal stress may represent early signs of this hyperarousal state, which may eventually lead to the development of chronic insomnia in adulthood.
Impact of Maternal Practices
Finally, another (and probably nonexclusive) mechanism linking maternal prenatal stress and children’s sleep-wake behaviors is parenting practices. Mood and sleep disturbances in mothers have been linked with reduced maternal sensitivity and difficulties in the mother-child relationship (Dubber et al. 2015; Goodman and Gotlib 1999; Weinberg and Tronick 1998). Therefore, mothers with a prior or current mood disorder may be less responsive or more withdrawn during bedtime routines.
Many studies have shown a complex relationship between maternal mood, maternal sleep, infant sleep, and the mother-child relationship. Mothers who reported waking up at night to take care of their infant for long periods also reported negative perceptions of their relationship with their infant (Tikotzky and Shaashua 2012). Moreover, higher maternal sensitivity in infancy was positively associated with subsequent longer duration of nocturnal sleep at preschool age (Bordeleau et al. 2012). From another perspective, infant sleep was identified as a moderator of the association between parenting and attachment, such that the link between high maternal sensitivity and attachment security was only observed in infants with sufficient sleep duration (Bernier et al. 2014). Finally, one recent study found that mothers with more actigraphy-assessed fragmented sleep (i.e., poorer sleep continuity) showed a decreasing sensitivity towards their infant over a 10-min mother-infant interaction at 18 weeks postpartum (King et al. 2020).
A few studies have also examined the association between infant sleep and attachment. A link was observed between sleep disturbances and ambivalent attachment (McNamara et al. 2003; Morrell and Steele 2003), while avoidant children tend to signal fewer awakenings (Beijers et al. 2011). Furthermore, higher attachment security, measured as a continuous score, was associated with subsequent longer sleep duration (Belanger et al. 2015). Our research team identified a distinct sleep pattern between the ages 6 and 36 months (maternal reports) in children who showed insecure disorganized attachment at 36 months: shorter nocturnal sleep duration and more awakenings (Pennestri et al. 2015).
Overall, the existing literature shows meaningful associations among prenatal mood, postnatal mood, infant sleep, maternal sleep, and the quality of the mother-infant relationship. Therefore, the mother-infant relationship could explain, or at least partially explain, the link between prenatal stress and children’ sleep-wake behaviors.
The Call for Interventions
Earlier, we discussed the link between prenatal stress and newborn, infant, and toddler sleep outcomes. Findings generally indicate that forms of stress during pregnancy are associated with distinct sleep outcomes. This highlights the need for evidence-based interventions that effectively reduce psychological distress during pregnancy and prevent the development of sleep problems in infancy and toddlerhood.
Pharmacological Interventions Targeting Prenatal Stress
The international prevalence estimate of selective serotonin reuptake inhibitors (SSRIs) use during pregnancy is approximately 3% (Molenaar et al. 2020). However, there is an ongoing debate about the use of antidepressants during the prenatal period due to inconclusive evidence on potential teratogenic effects on the developing fetus. Some studies have suggested an association between antidepressant use and adverse infant outcomes, but findings are often inconsistent (Becker et al. 2016).
Concerning sleep, a prospective study examined the effects of SSRI use during pregnancy on newborn outcomes, including sleep organization, and found that SSRI-exposed newborns showed greater amounts of uninterrupted REM sleep than infants not exposed to SSRIs (Zeskind and Stephens 2004). When we survey pregnant women, the majority of them report that they would prefer nonpharmacological treatment options due to these concerns (Dimidjian and Goodman 2014; Goodman 2009).
Considering these controversies, it seems that an individualized evaluation of risks and benefits, as well as a discussion between the physician and the pregnant woman is probably the best approach. Therefore, prenatal, non-pharmacological interventions that aim to reduce depression, anxiety, and other forms of stress should also be explored considering these concerns (See also Chap. 19. Developmental Outcomes Associated with Antidepressant Medication Therapy).
Nonpharmacological Interventions Targeting Prenatal Stress
A paucity of studies has investigated the effect of psychological interventions for the treatment of prenatal stress on child sleep outcomes. Thus far, one study which conducted a pilot randomized control trial of cognitive-behavioral therapy for the treatment of prenatal depression found that an improvement in prenatal depression scores was associated with shorter infant nocturnal sleep duration among women who received cognitive-behavioral therapy (n = 14), but not treatment as usual (n = 11) (Netsi et al. 2015a). This result was observed after accounting for postnatal depression. Notably, this finding was in the opposite direction of what we would expect. More studies are needed to better understand the effect of cognitive-behavioral treatment for prenatal depression on infant sleep outcomes.
Other studies have tested the efficacy of interventions for the treatment of prenatal stress but did not examine their impact on infant sleep outcomes. Some of the most widely studied nonpharmacological interventions for prenatal depression or anxiety include cognitive behavioral therapy (Austin et al. 2008), mindfulness-based cognitive therapy (Dimidjian et al. 2015; Tomfohr-Madsen et al. 2016), and interpersonal psychotherapy (Spinelli and Endicott 2003; Spinelli et al. 2016). However, results have been mixed. More studies are needed, and it will be important for future research to not only examine the efficacy of these psychological interventions for the treatment of prenatal stress but to also examine their impact on infant sleep outcomes.
Finally, other nonpharmacological interventions that have been investigated for their effect on prenatal depression include depression-specific acupuncture (Manber et al. 2004, 2010), maternal massage (Field et al. 2004b, 2009), bright light therapy (Wirz-Justice et al. 2011), and omega-3 fatty acids (Freeman et al. 2008; Su et al. 2008). While some findings are promising, there is currently insufficient evidence to conclude that these interventions are effective in treating prenatal stress (Dennis and Dowswell 2013). Again, these studies did not examine the impact of these interventions on infant sleep outcomes (See also Chap. 20. Pre- and Perinatal Interventions for Maternal Distress).
Interventions Targeting Maternal Sleep During Pregnancy
Since prenatal stress is often associated with sleep disturbances during pregnancy, another target could be to reduce maternal sleep disturbances during pregnancy. In fact, based on questionnaires, insomnia during pregnancy shows a very high prevalence of about 40–60% (Dørheim et al. 2012; Román-Gálvez et al. 2018; Sivertsen et al. 2015). Recent results of a randomized controlled trial showed that cognitive behavioral therapy for insomnia is an effective nonpharmacological treatment for sleep insomnia during pregnancy (Manber et al. 2019). While this is promising, it would be interesting to see if positive impacts of infant sleep can later be observed.
Interventions Targeting Infant Sleep
Certain parents choose to use behavioral sleep interventions to help their infants fall asleep at bedtime and fall back asleep when they wake up during the night. However, not all parents feel comfortable using these interventions (Etherton et al. 2016). When a specific intervention does not respect the family’s values and they decide to use it anyway due to societal pressure, it risks being ineffective, and it could have a negative impact on the family’s well-being (Germo et al. 2009).
For parents who wish to help their infant learn how to fall asleep by themselves at bedtime and fall back asleep on their own if they wake up during the night, empirically based behavioral interventions can be used. Some of these interventions include graduated extinction, positive routines, and bedtime fading. We will provide a brief overview of each of these interventions, but it is important to keep in mind that when it comes to infant sleep interventions, there is no right or wrong intervention. It is up to each family to decide which method they are most comfortable with and which one they think would work best for their child.
Graduated extinction refers to a set of techniques where the parent puts the child to bed and ignores bedtime infant crying or tantrums for progressively longer periods before checking in on the infant (Mindell et al. 2006; Mindell and Owens 2015). During check-ins, the parent briefly comforts the child (e.g., provides a soothing touch or offers a calming phrase). One example of a graduated extinction technique is called the 5-10-15 method. This method involves placing the infant in their crib, leaving the room, and then waiting 5 min before going to comfort the infant. The next time they wait 10 min, then 15 min, and so on until the infant falls asleep on their own. In older children, another form of graduated extinction that can be used is the chair method. This method involves placing a chair next to the infant’s bed, sitting there until the infant falls asleep, and then leaving the room. Each night, the parent moves the chair farther and farther away from the crib until it is eventually outside of the room at the time of sleep onset.
Positive routines involves the parent developing a series of quiet and pleasurable activities before bed to facilitate sleep onset (Adams and Rickert 1989; Delemere and Dounavi 2018). Completion of each step informs the infant of the next step, with sleep onset being the final reinforcement. Positive routines is often used in conjunction with bedtime fading, an intervention that involves modifying the infant’s bedtime to increase sleep likelihood (Mindell et al. 2006; Mindell and Owens 2015). In bedtime fading, the bedtime is adjusted to more closely align with the infant’s natural sleep onset to ensure rapid sleep initiation. A scheduled wake time is established, and daytime naps, except for age-appropriate ones, are prohibited. Then, once a preestablished goal for sleep onset latency is achieved, the bedtime can gradually be moved earlier over successive nights.
It should be noted that randomized control trials of behavioral sleep interventions have shown mainly positive results and that many psychologists and health professionals advocate for their use (Gradisar et al. 2016; Hall et al. 2015; Mindell et al. 2011). At the same time, other researchers argue that the interventions are unnecessary and that the studies conducted were methodologically flawed (Blunden et al. 2011; Douglas and Hill 2013). In sum, this is still a highly controversial topic.
Perceptions of Infant Sleep Problems and Maternal Mood
We know that the perception of an infant sleep problem is not equivalent to an actual sleep problem as parental estimates of infant sleep problems do not match those obtained from objective research criteria (Karraker and Young 2007; Morrell 1999). In one study, 17% of infants met objective criteria for a sleep problem, yet 35% of mothers reported one (Morrell 1999). Infant sleep parameters also only explain between 20% and 25% of the variance in mothers’ perceptions of infant sleep problems (Hiscock and Wake 2001; Loutzenhiser et al. 2011). These findings indicate that there are factors other than infant sleep that are contributing to mothers’ perceptions.
Importantly, previous research suggests that maternal depression is one of these contributing factors. In one study of 738 mothers of infants between 6 and 12 months of age, elevated levels of depressive symptoms were associated with mothers’ reports of infant sleep problems after accounting for infant sleep dimensions (Hiscock and Wake 2001). Another study by Orhon et al. (2007) found a link between elevated levels of depression and perceived infant sleep problems in a sample of 103 mothers at 6 months postpartum. This study, however, did not account for infant sleep dimensions. Overall, the findings from these studies indicate that sleep interventions that also target depression are likely to improve mothers’ perceptions of infant sleep.
Sleep Interventions and Maternal Mood
As mentioned in a previous section, sleep difficulties do not uniquely affect the child; they also have a negative impact on parents, including a negative impact on their mental health. Research indicates that behavioral interventions for children’s sleeping problems often lead to improvements in parental mental health (Bayer et al. 2007; Gradisar et al. 2016; Hiscock et al. 2007; Mindell et al. 2006, 2011). For instance, Hiscock and Wake (2002) found that a brief community-based sleep intervention decreased symptoms of maternal depression among depressed mothers by 45% at 2 months postpartum. Similarly, Mindell et al. (2011) found that an internet-based intervention for mild to moderate child sleep problems significantly improved mothers’ mood, including their tension, depression, fatigue, and confusion. Behavioral sleep interventions have also been found to improve marriage satisfaction (Adams and Rickert 1989; Durand and Mindell 1990) and maternal sleep (Mindell et al. 2011). Therefore, although sleep interventions typically aim to improve infant sleep problems, they often have secondary benefits such as improved maternal mood, marital satisfaction, and sleep. From a broader perspective, this means that even though forms of prenatal and postnatal stress are linked to sleep problems in infancy, behavioral sleep interventions can be used to improve maternal stress and, in turn, buffer its negative impact on infant outcomes.
Conclusion
In sum, sleep is an active process involved in many functions and developmental spheres that can be measured using a variety of subjective and objective measures. Studies using subjective measures of sleep provide growing evidence for a link between prenatal stress and child sleep outcomes. However, very few studies have examined this link using objective measures. Moreover, it is often difficult to determine if reported adverse sleep outcomes associated with prenatal stress are related to the stress itself, the different ages at which children were assessed, the types of sleep or stress measurements used, the definition of sleep problems, or other confounding factors such as postnatal depression, child temperament, sleep-related parental practices, and cultural factors. Furthermore, more research is needed to better understand the mechanisms that entrain these sleep outcomes. Some of the proposed mechanisms linking the relationship between prenatal stress and infant sleep include shared genetic components, the fetal programming hypothesis, and the mediating influence of mother-child interactions. While findings highlight the need for evidence-based interventions that target prenatal stress to prevent the emergence of sleep problems in infancy and toddlerhood, interventions can also target child and maternal sleep.
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Natural Disasters: The New Normal
There is consensus among scientists that the planet is undergoing significant climate change that is resulting in sea level rise and increases in ocean temperatures (Herring et al. 2020; Ornes 2018; Huang et al. 2015; Jolly et al. 2015; Najibi and Devineni 2018; Pant and Cha 2019; Emanuel 2008; United Nations 2020; Intergovernmental Panel on Climate Change 2018). These and other changes in our climate are causing an increase in natural disasters around the world including wildfires, floods, and hurricanes. Overall, the last several decades have seen an increase in the frequency and severity of extreme weather events worldwide. In the USA, for example, there were 241 weather and climate disasters since 1980 that each sustained total damage costs of at least $1 billion, and totaling more than $1.6 trillion (Smith 2019). Although between 1980 and 2018 there was an average of 6.2 billion-dollar events per year, the 5-year average between 2014 and 2018 was 12.6 events per year, while the 3-year average between 2016 and 2018 increased to 15 of these events per year. The increasing costs are due to increased exposure, increased vulnerability, and the increasing role of climate change in creating these extreme weather events (Smith 2019).
Beyond the financial costs of natural disasters, there are considerable personal and social sequelae. Natural disasters are associated with increases in psychological distress, such as depression, anxiety, and post-traumatic stress disorder (PTSD) in the affected populations. Although there is often an increase in community cohesion following a disaster, over time the trend is for greater discord in the community and even within families, where the rates of domestic violence increase (First et al. 2017; Kaniasty 2020).
In this chapter we review the consequences of this form of prenatal maternal stress. We highlight results from the Stress in Pregnancy International Research Alliance (SPIRAL), directed by co-authors King and Laplante, that includes a series of prospective longitudinal studies begun in the aftermath of five different natural disasters. Then, using evidence from the literature and from these SPIRAL studies, we present what is known about ways in which the stress related to natural disaster exposure can be mitigated. We describe existing psychosocial interventions and their ability to buffer perinatal women and their children from disaster-related stress, including results of a randomized controlled trial put in place by SPIRAL researchers after two disasters. This chapter also discusses some policy-level, population-level, and family-based solutions.
Natural Disasters, Maternal Mental Health, and Child Development
Women are particularly vulnerable for the psychosocial impacts of natural disasters. Women are more likely to experience depression, anxiety, and PTSD in the aftermath of a disaster than are men (Tang et al. 2017; Galea et al. 2005). In the best of times, pregnancy is a transitional period including physiological, psychological, and social-role changes. Exposure to a natural disaster that adversely impacts on any or all aspects of this transition significantly increases a woman’s odds of experiencing PTSD and postpartum depression which can have long-lasting personal, relational, and parenting ramifications.
In addition to the psychological burden of anxiety and depression for the pregnant woman herself, there are downstream consequences of natural disasters on the developing fetus. For example, on June 9, 1953, a violent tornado ripped through a residential section of Worcester, Massachusetts, killing 94 people, injuring 1,000, and leaving 100,000 people homeless. Decades later, Kinney reviewed the state psychiatric records to determine if prenatal exposure to the tornado increased risk for schizophrenia in later life (Kinney et al. 1999a). He compared schizophrenia risk according to the timing of the tornado for those exposed to the tornado in gestation, versus risk for those born in the same months in other years. Although in general the risk for schizophrenia is about 1 in 100, Kinney found that the timing of exposure moderated the effects: exposure during early gestation increased risk by 15%, exposure in mid- or late-pregnancy doubled the risk, while for individuals born on the same dates one year earlier the rates of schizophrenia were less than 1 in 100.
Kinney extended this line of research by examining risk for autism in Louisiana as a function of exposure to tropical storms and hurricanes (Kinney et al. 2008). The usual prevalence of autism in the state is 5.21 per 10,000 live births. Kinney identified ten tropical storms and hurricanes that occurred between 1980 and 1995 and whose severity had been rated by the National Weather Service. He hypothesized that prevalence would increase as a function of both the severity of the storm and its timing in utero. In the case of either no major storms or only mild storm Exposure in utero, the autism prevalence was 4.49 per 10,000 births, slightly lower than the state trend of 5.21 per 10,000. Exposures to moderate or severe storms and hurricanes, however, were associated with increases in prevalence to 6.06 and 13.32 per 10,000, respectively. In the case of timing, considering ten 4-week months of pregnancy, prevalence was below 5/10,000 for exposures in months 1–4 or 7–9, but increased to 17.7 per 10,000 for exposure in months 5–6, and remained somewhat elevated at 10.8 per 10,000 for exposure in month 10. Kinney found a significant interaction between storm severity and the timing in gestation such that for the population exposed to no storm or only a mild storm in the less vulnerable pregnancy months (1–4 or 7–9), prevalence was 3.72 per 10,000. For the vulnerable periods of exposure, being months 5–6 or 10, however, exposure to a moderately severe storm increased prevalence to 9.65 per 10,000, and to a severe storm or hurricane to 26.59 per 10,000 births. These results illustrate not only the dose-response association between the severity of prenatal maternal stress (PNMS) and offspring well-being but also the importance of considering the exact timing of the onset of a major stressor relative to the schedule of fetal development.
The conventional wisdom explaining these and similar findings is the idea of fetal programming (Barker 1990; Kwon and Kim 2017), a hypothesis that has figured heavily in many of the chapters of this book (see also Chap. 3, The Developmental Effects of Prenatal Maternal Stress, and Chap. 13, Prenatal Programming of Postnatal Plasticity). This idea is often referred to as the Developmental Origins of Health and Disease (DOHaD) (Gluckman et al. 2010). It would suggest that physical features and behaviors in offspring of prenatally stressed mothers result from permanent alterations in the structure and function of the offspring’s brain and other organs, in part through maternal cortisol’s impact on the fetus’ developing hypothalamic-pituitary-adrenal (HPA) axis. Because a linear relationship exists between maternal and fetal cortisol levels, relatively small increases in maternal cortisol resulting from anxiety or stress can double fetal concentrations (Gitau et al. 1998), resulting in significant structural and functional changes in, for example, the hippocampus (Avishai-Eliner et al. 2002; Hayashi et al. 1998; Kawamura et al. 2006; Welberg et al. 2001; Ong et al. 2019; Qiu et al. 2013; Wang et al. 2019) and amygdala (Jones et al. 2019; Ong et al. 2019; Soe et al. 2018; Wen et al. 2017). The placenta is the passageway between mother and fetus. As the thinking goes, anxiety and/or stress in the mother not only increases her own circulating cortisol, it also reduces the activity of the cortisol barrier enzyme, 11β-HSD2, in the placenta (which converts noxious maternal cortisol into inactive cortisone before it passes to the fetus), so that when the mother is in a highly stressed state, the fetus is exposed to higher cortisol levels (Avishai-Eliner et al. 2002). Increased maternal cortisol causes dysregulation of HPA axis activity in the offspring (O’Connor et al. 2002, 2003). This link is important in that deregulated HPA axis activity is implicated in both adult and child psychopathology, especially anxiety and depression (Chrousos and Gold 1992), and in child neurodevelopment as described in the chapter by Brown et al. in this volume. In addition, although much fetal programming research is conducted on rodents (Weinstock 2008), the functioning of the human placenta is distinct from that of other species, and no appropriate animal model exists.
Overview of Spiral: Disentangling the Disaster Experience
The large-scale, retrospective, epidemiological studies described above clearly demonstrate the effects of exposure to disasters during pregnancy on the development of the unborn child. These studies cannot, however, elucidate the biopsychosocial processes that are responsible for the effects on child development. Despite their great value, a number of questions about PNMS cannot be answered using population-level administrative data such as those used by Kinney (Kinney et al. 1999b, 2008):	1.
To what extent are the effects of prenatal exposure to a natural disaster on the unborn child due to the objective degree of hardship experienced by the mother? This would include the extent of damage to the home, the duration of the hardship, the number of different displacements, and so on.

 

	2.
To what extent are the effects due to the woman’s cognitive appraisal of the event? From a cognitive-behavioral therapy (CBT) approach (Hamblen et al. 2006), and from the Lazarus and Folkman model of the human stress experience (Lazarus and Folkman 1984), one’s cognitions about an event may well determine the degree of distress experienced, all else being equal.

 

	3.
To what extent are the effects due to the mother’s degree of psychological distress experienced in the immediate, and in the long-term, response to the event? A certain degree of distress is to be expected during a disaster and in the immediate aftermath, while the extended duration of distress or the failure to return to baseline psychological functioning within a few months is associated with PTSD. The immediate stress reactions are likely to be associated with increases in cortisol, while individuals who go on to develop clinical levels of PTSD symptoms sometimes experience chronically hypoactive HPA axis functioning both before and after a traumatic event (Young and Breslau 2004). Thus, the association between maternal distress and fetal development could be very complex.

 

	4.
What are some of the biological mechanisms by which the effects of, specifically, objective hardship, cognitive appraisal, and subjective distress have their influence on offspring development in humans?

 

	5.
To what extent do a woman’s psychosocial conditions, such as social support or coping style, moderate associations between disaster exposure and her own mental health and her child’s development?

 




Thus, although retrospective epidemiological studies of PNMS from large-scale population-level disasters establish proof of principle that exposure alters fetal development, their inability to quantify the pregnant women’s individual levels of objective hardship, cognitive appraisal, and subjective distress leaves large gaps in the understanding of the phenomenon. Prospective, longitudinal studies of pregnant women who are going through natural disasters, and that include regular evaluations of their children’s development, are required to fill this gap in the literature. In the sections below, we describe a research program led by co-authors King and Laplante that addresses these challenges.
The SPIRAL program (www.​mcgill.​ca/​spiral) is comprised of five PNMS studies of women exposed to the onset of natural disasters while pregnant or in the few months before conception:	1.
Project Ice Storm (1998) in the Canadian province of Quebec

 

	2.
The Iowa Flood Study (2008) in Iowa City and Cedar Rapids, Iowa, USA

 

	3.
The QF2011 Queensland Flood Study (QF2011) in Brisbane and the surrounding areas of Queensland, Australia

 

	4.
The Fort McMurray (FMM) Wildfire Study (2016) in the Canadian province of Alberta

 

	5.
The Hurricane Harvey Mom Study (2017) following flooding in Houston, Texas, USA

 




In each of these studies, rapid action was required during or immediately after the event to secure local collaborators as needed, prepare a new protocol, and obtain approval from the relevant research ethics boards. Although some studies took 5–6 months before recruitment could begin (Project Ice Storm, FMM Wild Fire Study, and Hurricane Harvey Mom Study), two projects piggybacked on pre-existing studies of pregnant women such that the new disaster study could be added as an amendment to facilitate the beginning of recruitment within 2 months (Iowa Flood Study) or 3 months (QF2011) of the event.
Each study also required speedy development of questionnaires to represent the objective degree of exposure (threat, loss, scope, change) to the very specific circumstances of the event. For Project Ice Storm, questionnaire items about the woman’s hardship, from each of the four categories, were allotted points such that each category had a maximum of 8 points, for a maximum “Storm32” score of 32 points (Laplante et al. 2007). Following the development of the objective hardship questionnaire for the Iowa Flood Study, called the IF100 (25 points/category) (Yong Ping et al. 2015), the subsequent flood studies added items to the IF100 as needed to reflect local circumstances and to correct for certain factors that had been overlooked in Iowa. Thus, although both the Queensland Flood Objective Stress Scale (QFOSS) (King et al. 2015) and the Harvey Objective Stress Scale (HOSS) have a maximum of 200 points, an IF100 score can be extracted from each in order to compare the objective hardship across the three flood studies. As shown in Fig. 18.1, the objective stress experienced by women was lowest in the Iowa Flood cohort and highest in the Hurricane Harvey cohort.[image: ../images/469610_1_En_18_Chapter/469610_1_En_18_Fig1_HTML.png]
Fig. 18.1Levels of objective hardship (sum of threat, loss, scope, and change) of women in the three SPIRAL flood studies


Besides completing the objective hardship scale, the women also expressed their cognitive appraisal using a single item with a five-point scale ranging from very negative to very positive: “Overall, what were the consequences of the [disaster] on you and your family?”. Surprisingly, even following severe natural disasters such as the ice storm, there has consistently been a wide range of responses on this item including “positive” and “very positive” responses (Fig. 18.2a). As we show in the sections below, responses on this cognitive appraisal item have very good predictive value for the child’s development.[image: ../images/469610_1_En_18_Chapter/469610_1_En_18_Fig2_HTML.png]
Fig. 18.2Comparison of the five SPIRAL cohorts according to cognitive appraisal of the disaster (2a) and measures of subjective distress including PTSD symptoms (IES-R) and peritraumatic distress (PDI) and dissociation (PDEQ) (2b)


The assessments of maternal subjective distress expanded since the first study. In Project Ice Storm, a single measure of subjective distress was used which measured the severity of the women’s current PTSD symptoms (avoidance, hyperarousal, and intrusive thoughts): the Impact of Event Scale-Revised (IES-R (Weiss and Marmar 1997)). The four subsequent studies, however, added measures of “peritraumatic” responses, that is, one’s distress (Peritraumatic Distress Inventory (PDI) (Brunet et al. 2001)) and dissociative experiences (Peritraumatic Dissociative Experiences Questionnaire (PDEQ) (Marmar et al. 1997)) at around the time of the trauma as remembered at a later time. As illustrated in Fig. 18.2b, the women in the wildfire study had significantly more subjective distress than women in the other four cohorts.
Following recruitment and the assessment of the objective, cognitive, and subjective aspects of PNMS, the women’s mental health and their children’s development were then assessed at approximately 2-year intervals over time (see Table 18.1). Assessments of the children included measures of their cognitive, behavioral, motor, and physical development.Table 18.1Presentation of the five SPIRAL studies of prenatal maternal stress from natural disasters


	Study (year)
	Setting; principal investigators
	Assessment ages
	Unique features

	Project Ice Storm (1998) (Laplante et al. 2007)
	Montérégie region of Quebec, Canada
PI: Suzanne King (McGill University)
	Recruitment (n= 224)
6 months (n = 168)
2 years (n = 58)
4 years (n = 78)
5½ years (n = 116)
6½ years (n = 110)
8½ years (n = 95)
9½ years (n = 79)
11½ years (n= 89)
13 years (n = 37)
13½ years (n = 73)
15 years (n = 59)
17 years (n = 41)
19 years (n = 33)
	First and longest SPIRAL study
Longest prospective longitudinal study of the effects of disaster-related PNMS on child outcomes

	Only study with blood samples (age 13) and brain imaging (ages 11½, 16, and 19)

	Iowa Flood Study (2008) (Brock et al. 2014)
	Iowa City and Cedar Rapids, Iowa, USA
PIs: Suzanne King (McGill University)
Michael W. O’Hara (University of Iowa)
	Recruitment (n = 268)
16 months (n = 162)
2½ years (n = 149)
4 years (n = 110)
	First prospective longitudinal study of the effects of disaster-related PNMS on child outcomes to have pre-disaster information on maternal psychological functioning

	Queensland Flood Study (2011) (King et al. 2015)
	Brisbane and surrounding areas, Queensland, Australia
PIs: Suzanne King (McGill University)
Sue Kildea (University of Queensland)
	Recruitment (n = 230)
6 weeks (n = 161)
6 months (n = 189)
16 months (n = 162)
30 months (n = 174)
48 months (n = 143)
60 months (n = 124)
	First prospective longitudinal study of the effects of disaster-related PNMS on child outcomes to have pre-disaster information on maternal psychological functioning and a randomized controlled trial of prenatal care

	Fort McMurray Wildfires (2016) (Olson et al. 2019)
	Fort McMurray and Wood-Buffalo Region, Alberta, Canada
PIs: David M Olson (University of Alberta)
Suzanne King (McGill University)
	Recruitment (n = 150)
4 months (n = 115)
12 months (n = 95)
18 months (n = 28)
24 months post fire (n = 73)
SPARK (n = 84)
	First prospective longitudinal study of disaster-related PNMS on pregnant women from a community in which the entire population was evacuated because of a wildfire

	First prospective longitudinal study of disaster-related PNMS on pregnant women for which an online expressive writing intervention was included

	Hurricane Harvey (2017) (Olson et al. 2019)
	Houston and Harris County, Texas, USA
PIs: Suzanne King (McGill University)
Johanna Bick (University of Houston)
	Recruitment (n= 1,064)
6 months (n = 687)
	Second (and largest) prospective longitudinal study of disaster-related PNMS on pregnant women for which an online expressive writing intervention was included




Each of the five studies in SPIRAL has one or more unique features that allow it to add new knowledge about PNMS:	Project Ice Storm is the first and longest running study; it is the only study of a winter-time disaster, and the only study to date to include the following measures of child development: structural (ages 11, 16, and 18) and functional (age 18) brain imaging; gonadal imaging and segmentation (age 18); insulin secretion, immune function, and DNA methylation of T cells (age 13); and self-reports of psychotic-like features (age 11–18) and direct assessments of thought disorder (age 15).

	The Iowa Flood Study piggybacked on a pre-existing study of pregnancy, stress, and obstetric outcomes (Nylen et al. 2013). For those women who had been recruited and assessed before the flooding occurred, a host of psychosocial measures are available including DSM diagnoses, and measures of social support, coping, perceived stress, and life events. Thus, the Iowa Flood Study is the world’s first pre-post disaster study of PNMS.

	The QF2011 Queensland Flood Study also piggybacked on an existing study: the M@NGO randomized controlled trial (RCT) of two forms of prenatal care (Tracy et al. 2011). For the subset of QF2011 participants who were recruited from M@NGO, some limited psychosocial data from before the floods are available. Besides the inclusion of the RCT, the other main contribution of QF2011 is that once ethics approval was granted, less than 3 months after the flood, samples of the placenta were obtained for the remaining women giving birth.

	The FMM Fort McMurray study, besides being the only wildfire project, represents SPIRAL’s first foray into the field of large-scale, randomized, online prevention efforts with a trial of Pennebaker’s expressive writing intervention (James W. Pennebaker 2016, 2017). Given that the entire population was evacuated from this city of 88,000 for several months, participants were spread out around the country such that Facebook was the most effective way to locate and recruit subjects, and the REDCap (Research Electronic Data Capture; www.​project-redcap.​org) online platform was employed to administer the intervention and to administer and keep track of assessments.

	The Hurricane Harvey Mom Study replicated the FMM in its online recruitment and the use of REDCap to screen and consent participants, to administer the expressive writing intervention, and to administer subsequent assessments. Harvey is unique in the size of its sample at recruitment (n > 1,000) which allows for a more reliable test of the intervention.




All five studies have generated unique longitudinal data of maternal mental health and child development in the areas of behavioral, physical, motor, and cognitive development that will continue to fuel new findings in the years to come. The ultimate goal is to assimilate results from all of these projects to build a model of PNMS from natural disasters that may be generalizable to any independent stressor during pregnancy. From this model, targeted prevention efforts may be developed that will interrupt any communication about temporary hazards in the mother’s external environment to the fetus that could cause permanent fetal reprogramming.
An Overview of Spiral Results
Interestingly, although it was hypothesized that high levels of objective hardship would be associated with high levels of distress and with very negative cognitive appraisals, in Project Ice Storm, these three factors were not highly correlated (r < 0.30). It had further been hypothesized that it would be the mother’s subjective distress that would prove to be the active ingredient in the associations between PNMS and child development given the strong links in the literature between the subjective experience of stress and stress hormones (King et al. 2012; King and Laplante 2015), and yet results from the SPIRAL studies suggest that this is not necessarily the case. Below, we present a sampling of SPIRAL results to illustrate this point. SPIRAL publications can be found at www.​mcgill.​ca/​spiral.
The Effects of Objective Hardship on Child Development
Because external stressors are independent of the pregnant woman’s own agency (which is not necessarily the case for life events such as divorce or job loss) and whose degree of exposure is often quasi-randomly distributed, SPIRAL investigators maintain that significant associations between measures of the degree of objective hardship and maternal or child outcomes can be characterized as “causal”; at the very least, results implicating objective hardship are as close to those from the experimental method as human PNMS research is likely to get. In Project Ice Storm, for example, maternal objective hardship (but not subjective distress) predicted the children’s cognitive development at age 2 years with the Bayley Scales (Laplante et al. 2004) and at age 5 with the WPPSI (Laplante et al. 2008).
In terms of child psychopathology, greater objective hardship from the ice storm also predicted more severe autistic-like traits in the children at age 6 years (Walder et al. 2014) and beyond, and more disordered eating behavior in adolescence (St-Hilaire et al. 2015). In QF2011, greater objective hardship from the flooding predicted higher child anxiety at age 4 years (McLean et al. 2018).
Perhaps the most surprising results related to objective hardship are its strong effects on the physical development of the children. Greater levels of objective hardship from the ice storm predicted higher BMI and rates of obesity at age 5 years (Dancause et al. 2012) with the association steadily increasing in magnitude through to the age of 15 (Liu et al. 2016). Greater objective hardship also predicted, at age 13 years, greater insulin secretion from an oral glucose tolerance test (Dancause et al. 2013) and greater pro-inflammatory cytokines (Veru et al. 2015). Further, the degree of objective hardship (but not subjective distress) was found to be correlated with the DNA methylation in T cells of 1,675 CGs in 957 genes predominantly related to immune function (Cao-Lei et al. 2016b). Finally, at age 11 years, greater objective hardship predicted larger amygdala volumes in girls (Jones et al. 2019).
These physical characteristics in the offspring have been found to mediate the associations between objective hardship and other child outcomes. For example, greater objective hardship predicts greater BMI at age 5 which goes on to predict earlier age at menarche in the girls of Project Ice Storm (Duchesne et al. 2016). The larger amygdala volumes in girls significantly mediate the effects of objective hardship on greater externalizing problems in girls at age 11 (Jones et al. 2019). Finally, patterns of DNA methylation at age 13 significantly mediate the effects of objective hardship on the children’s BMI (Cao-Lei et al. 2015a), C-peptide levels (Cao-Lei et al. 2018), and cytokine levels (Cao-Lei et al. 2016b).
Another factor that seems to mediate the effects of objective hardship on fetal growth is the woman’s diet during the disaster. After the Queensland flood, women were asked to provide information on how their diets changed because of the disaster in terms of increases or decreases in the amount of healthy foods (e.g., protein, dairy, fruits, and vegetables) and unhealthy foods (e.g., sweet and salty snacks, takeout, sugary drinks). The greater the women’s objective hardship from the flood, the greater the trend toward more unhealthy, and less healthy, foods consumed, which then explained significant variance in the babies’ size at birth (Dancause et al. 2016). As noted below in the section on disaster mitigation, providing pregnant women with the basics of healthy nutrition should be a priority for aid agencies and first responders during population-level disasters given the implications for the next generation. And because these effects were greatest when the flood occurred in early pregnancy (Dancause et al. 2016), aid workers need to be proactive in identifying women who are not yet visibly pregnant.
In summary, these results challenge the conventional wisdom that the objectively defined circumstances of the pregnant woman are insignificant compared to her emotional reactions to her environment. That wisdom, supported by HPA axis research with laboratory animals, would suggest that it is maternal distress which would be the main trigger for the stress hormones that would overwhelm the placental barrier enzyme 11β-HSD2 and reach the developing fetus, permanently programming him or her to face the (potentially temporary) conditions of the outside world. Greater research attention needs to be paid to increase understanding of the ways in which environmental conditions can influence fetal development without implicating maternal distress and glucocorticoids.
Associations Between Subjective Distress and Child Development
The results presented in the previous section notwithstanding, the mother’s subjective emotional response to a natural disaster in pregnancy remains a significant predictor of many child outcomes in SPIRAL studies, sometimes in conjunction with maternal objective hardship. The Iowa Flood Study highlighted the idea that not all disasters are equal in the way in which PNMS influences child development. For example, although in Project Ice Storm it was only objective hardship that predicted cognitive development in early childhood (Laplante et al. 2004), for children exposed to the Iowa floods in utero, their mothers’ subjective distress (PTSD symptoms and peritraumatic distress and dissociation) was the main predictor of Bayley cognitive scores and of language development, at age 2 (Laplante et al. 2018).
With respect to the physical development of children exposed to the ice storm before birth, maternal subjective distress was a significant predictor of lower birth weight and smaller head circumference at birth (Dancause et al. 2011) and of greater risk of asthma (Turcotte-Tremblay et al. 2014).
Subjective distress in the form of PTSD symptoms has also been the primary predictor of children’s early temperament (Laplante et al. 2016), and internalizing and externalizing problems throughout childhood in Project Ice Storm (King et al. 2012; King and Laplante 2015). Some of the effects of subjective distress on children’s behavioral functioning may be due to disruptions in the interactions between the child’s HPA axis and their hypothalamic-pituitary-gonadal (HPG) axis. This idea is supported by recent Project Ice Storm results examining the association between the children’s cortisol and testosterone: although for 11-year-old children whose mothers had experienced low levels of subjective distress following the ice storm there was a significant positive correlation between their levels of stress-reactive cortisol and their testosterone, at high levels of maternal subjective distress, this normal association was lost (Nguyen et al. 2018).
Some of these subjective distress-associated physical changes may be implicated in other types of developmental problems in children. The interaction between reactive cortisol levels and testosterone explained significant amounts of variance in the children’s externalizing problems at the same age, such that the highest levels of problems were for children with high reactive cortisol in connection with low testosterone (Nguyen et al. 2018). Thus, the mother’s subjective distress from a natural disaster during pregnancy is also an important factor in the unborn child’s cognitive, behavioral, and physical development.
Interactions Between Objective Hardship and Subjective Distress
Although the results above would suggest that high levels of either objective hardship or subjective distress are noxious to fetal development, some SPIRAL results offer a different perspective. In many instances SPIRAL results suggest that, in the face of an uncontrollable, external stressor like a disaster, maternal distress is an adaptive response and that both overreaction and underreaction by the pregnant woman may predict less favorable outcomes in the offspring. In Project Ice Storm, for example, a mismatch between the mother’s objective levels of hardship and subjective distress predicted shorter birth lengths: babies whose “overreacting” mothers had experienced very low levels of hardship from the ice storm but who had high levels of PTSD symptoms from the disaster had birth lengths that were more than one standard deviation below the mean for their sex; similar results were obtained for the babies of “underreacting” mothers in the opposite condition of low PTSD symptoms in the face of high objective hardship (Dancause et al. 2011). At age 5 years, Project Ice Storm children were assessed for their motor development. In general, children whose mothers had experienced high levels of PTSD symptoms after the storm had poorer bilateral coordination and visual motor integration abilities. However, similarly poor abilities were seen in children of mothers with very low PTSD symptoms who had experienced very high degrees of objective hardship – the “underreacting” mothers (Cao et al. 2014). At 6 years of age, Project Ice Storm children with the highest levels of autistic-like traits were those of “underreacting” mothers, although similar levels were seen in children of “overreactors” as well (Walder et al. 2014). As such, it appears that there is an optimal balance between the level of exposure to an independent stressor, such as a natural disaster, and the pregnant woman’s degree of distress that might warn against well-intentioned efforts to reduce maternal “stress” at all costs.
The idea of “underreacting” to the hardship of a natural disaster being associated with poorer child outcomes is related to recent findings from the QF2011 Queensland Flood Study. The objective of the recent paper by Chen et al. (2020) was to determine the type of coping style that might protect women from the subjective distress associated with greater objective hardship. Chen showed that higher levels of problem-focused coping (active, solution-oriented behaviors) are associated with greater distress while emotion-focused coping (e.g., positive reframing, religion, emotional support) is associated with reduced levels of distress; so-called dysfunctional coping (characterized by behaviors such as venting, denial, substance use, self-blame) is consistently associated with more severe distress. As such, the objective-by-subjective interaction results, and the results of this coping study would suggest that the ideal emotional response of a pregnant woman going through a crisis in her life is one that is commensurate with the degree of objective hardship experienced but is not overly focused on problem solving and does not lapse into a dysfunctional coping style.
Maternal Cognitive Appraisal and Child Outcomes
In the Lazarus and Folkman (1984) model of the human stress experience, there is an important two-stage process between the objective exposure to an external event and the experience of subjective distress. Following the perception of the stressor, the individual must determine, first, if the situation represents a threat. Secondly, in the event of such a determination, the individual must then make a judgment about the extent to which they have the skills and resources required to overcome the threat. Positive stress is experienced when it is judged that sufficient resources are on hand to face the threat, while distress is experienced (and glucocorticoids released) when one concludes that they lack what is needed to overcome the threat.
All five SPIRAL studies included in their recruitment questionnaire a single item that comes the closest to tapping into this concept of cognitive appraisal. As noted above, participants are asked: “Overall, what were the consequences of the [disaster] on you and your family?”, with five response options between very negative to very positive. Despite the fact that the Quebec ice storm of 1998 deprived three million people of electricity for as long as 45 days in the coldest months of the year, equal numbers of women in the study appraised the consequences of the ice storm crisis as negative, neutral, and positive (see Fig. 18.2a), and responses were uncorrelated with either the objective degree of hardship or the severity of PTSD symptoms. Although these three aspects of PNMS were more strongly correlated in the other disaster studies, the women’s cognitive appraisal of their particular natural disaster has proven to explain additional, unique variance in many aspects of child development.
Perhaps the most striking result involving this simple questionnaire item is the association with DNA methylation in the ice storm cohort at age 13 years. We reported above that, while the severity of the mothers’ PTSD symptoms was uncorrelated with their children’s methylation of T cells, the mothers’ degree of objective hardship was correlated with the methylation of 1,675 CGs in 957 genes (Cao-Lei et al. 2014). When methylation levels were compared between children whose mothers appraised the ice storm as very negative or negative, and those whose mothers appraised it as neutral, positive, or very positive, the methylation of 2,872 CGs affiliated with 1,564 genes significantly differentiated the groups (Cao-Lei et al. 2015b): that is a 71% larger effect than that from objective hardship. These DNA methylation levels then significantly mediated the effects of a negative cognitive appraisal on child BMI (Cao-Lei et al. 2016a), C-peptide secretion (Cao-Lei et al. 2018), and on the anti-inflammatory cytokine IL-2 at age 13 (Cao-Lei, in preparation). Thus, cognitive appraisal appears to be a third smoking gun in the PNMS arsenal.
Another project using the QF2011 cohort found another kind of gene-by-environment interaction between PNMS and child outcomes. In this case, both cognitive appraisal and subjective distress predicted child autistic-like traits but only in certain 5-HTTLPR genotypes (Laplante et al. 2019).
Timing of the Disaster in Pregnancy
Although biological mechanisms such as brain structure and DNA methylation have been found to mediate the effects of PNMS on child development and answer questions about the mechanisms or mediators by which PNMS operates, both the timing of a disaster in utero and the sex of the child appear to moderate the effects of PNMS, answering questions about who is most vulnerable.
The rationale behind the moderating effects of timing of the stress in gestation is that structures that are undergoing periods of rapid growth and change are those that are most plastic and responsive to environmental conditions. Results from at least the first three SPIRAL studies, which have the most data (Ice Storm, Iowa, and QF2011), strongly support the notion of windows of vulnerability, as described below.
The preconception period has been suggested as a window of vulnerability even before ovulation has occurred. If the external environment creates an internal maternal environment that alters the very first moments of embryonic development, or that alter the paternal gonads and sperm characteristics, this may alter fetal development in perceptible ways. Both animal and epidemiological data (Hohwu et al. 2015; Virk et al. 2010) support the idea of preconception stress effects. To date, however, no effects of preconception disaster-related stress on child development have been found among the results of the three SPIRAL studies that included exposures up to 3 months (Ice Storm) or 6 months (FMM and Harvey) before conception, although this could change with continued analyses of the newer data.
SPIRAL results point to periods of vulnerability for some outcomes during the first trimester. Early exposure to high objective hardship from the ice storm predicted a condition known as “head sparing” or “brain sparing”: male newborns had relatively larger head circumference-to-length ratios which might be explained by the energy resources of the fetus being used to develop the brain at the expense of length when exposed to an environmental stressor early in gestation (Dancause et al. 2011). In both Project Ice Storm (Laplante et al. 2004) and the Iowa Flood Study (Laplante et al. 2018), higher objective hardship (Ice Storm) or subjective distress (Iowa) in the first trimester predicted lower cognitive development in early childhood. As for emotional development, only in infants exposed to the ice storm in early pregnancy, greater maternal PTSD symptoms predicted more fussy/difficult temperaments (Laplante et al. 2016). Similarly, the earlier the timing in pregnancy of the Queensland flood, the greater the children’s anxiety symptoms at age 4 years (McLean et al. 2018).
Early exposure to a disaster has also been found to predict physical growth. Dancause et al. (2015) found that early exposure to the Iowa floods predicted greater adiposity at age 2½ years, as well as greater catch-up growth between 2½ and 4 years which the literature suggests is a strong predictor of later obesity.
Early pregnancy exposure also seems to affect fetal immune system development. As explained in the SPIRAL group’s review paper on PNMS and immunity, Veru et al. (2014) described the different Windows of Vulnerability (WOV) for the immune system, corresponding to distinct phases of immune system development, which follow the same developmental order across species although the timing in development is species-specific. Veru et al. (2015) supported this model using Project Ice Storm data at age 13 by showing that exposure to the ice storm during the Stem Cell WOV (roughly, the first trimester) was strongly associated with several immune indicators such as the cytokines IL-2 and IL-13.
The second trimester appears to be a vulnerable period for some physical outcomes and cognitive development. Fetal growth, as measured by birth weight, was found to be lowest in children exposed to the ice storm in both first and second trimesters (Dancause et al. 2011). As another prime example of the timing effect, fingerprints develop in utero between weeks 14 and 22, and asymmetry in fingerprints between left and right homologous fingers is considered to be a marker of neurodevelopmental insult; individuals diagnosed with schizophrenia have significantly more asymmetrical prints than healthy controls (Davis and Bracha 1996; Markow and Wandler 1986; Mellor 1992; Reilly et al. 2001). Project Ice Storm children who had been in utero during this period of pregnancy at the time the ice storm began had significantly more asymmetrical prints than those that had been exposed at other points in fetal development; as well, the severity of PNMS predicted the degree of asymmetry but only for those exposed between weeks 14 and 22 (King et al. 2009). Finally, greater objective hardship was significantly associated with lower scores on the Bayley scales (Laplante et al. 2004) and more immature styles of play (Laplante et al. 2007) at age 2 years but only for children exposed to the ice storm during the first and second trimesters.
Third trimester exposure to a natural disaster has other consequences. All of the first three SPIRAL studies demonstrated significant moderating effects of late pregnancy timing on several outcomes, but especially on child motor development. This makes sense given that, in humans, the cerebellum experiences significant growth and development toward the end of pregnancy (Charil et al. 2010). In infancy, motor and cognitive development are intricately intertwined. For 16-month-old infants in QF2011 who were administered the Bayley Scales of Infant Development, the magnitude of the PNMS effects increased the later in pregnancy the flood occurred (Moss et al. 2017). This was the case for the negative effects of objective hardship on cognitive development, the negative effects of subjective distress on fine motor skills, and of negative cognitive appraisal on gross motor skills. On the other hand, Moss (Moss et al. 2018) reported that exposure to the flood in mid-to-late pregnancy predicted significantly greater improvement in cognitive development in these same children between the ages of 16 and 30 months of age, accounting for a “catching up” of these skills.
The story about third trimester exposure to a natural disaster and infant motor development becomes more nuanced when considering interactions between timing and the degree and kind of PNMS. In a longitudinal analysis of maternal ratings of the QF2011 children’s motor development using the Ages and Stages Questionnaire, there was no association between timing in pregnancy of the flood and motor development in children (at ages 6 and 16 months) of mothers who had neutral or positive cognitive appraisals of the flood, but there was a strong negative association for children of mothers with a negative cognitive appraisal (G. Simcock et al. 2016). Similarly, in Project Ice Storm, the lowest bilateral coordination and visual motor integration scores as tested in person at age 5 years were among children whose mothers had experienced high levels of PTSD symptoms, yet, although children of low PTSD mothers performed significantly better on average, the later in pregnancy the ice storm occurred, the lower was their performance on these tests down to, and surpassing, the low level of the high PTSD group (Cao et al. 2014).
Third trimester exposure to the ice storm, in combination with high objective hardship, has also been found to be associated with higher scores on a scale of disturbed eating in adolescence (St-Hilaire et al. 2015). Finally, a significant interaction between late timing in utero and PTSD symptoms predicted larger right amygdala volumes at age 11 years which then predicted more severe externalizing problems (Jones et al. 2019).
Sex Differences in the Effects of PNMS
Many effects of PNMS differ by sex. Continuing the discussion of motor development in the ice storm cohort at age 5 years, there was a significant timing-by-sex interaction for both visual motor integration and bilateral coordination (Cao et al. 2014): although boys had, on average, much lower performance than girls irrespective of the timing of the disaster in pregnancy, for girls there was a strong, negative linear association between these skills and timing in pregnancy such that with third trimester exposure, their performance was at the same low level as that of the boys.
In the QF2011 gene-by-environment interaction analyses predicting autistic-like traits, the specifics of the interaction differed for boys and girls. For boys, higher levels of these traits were associated with the combination of the 5-HTTLPR LL genotype in combination with either the mother’s negative cognitive appraisal or higher subjective distress. In girls, however, higher trait levels were found in the combination of greater subjective distress and either the LS or SS genotype (see also Chap. 10, Sex-Specific Impacts of Prenatal Stress).
Mitigating the Effects of Prenatal Maternal Stress
The large-scale impact of PNMS from natural disasters on populations can result in increases in adverse outcomes and associated cost. For example, a recent UK-based report demonstrated a long-term societal cost of perinatal distress of approximately £8.1 billion for each 1-year cohort of births (Bauer et al. 2018). Minimizing the effects of natural disasters on the objective hardship, subjective distress, and cognitive appraisal of the population could potentially lead to improved maternal and child outcomes, as well as reductions in economic impacts on individuals and society. Adopting multilevel, structured approaches to mitigating effects of PNMS, which target policy, community, family, and individual levels, could have significant and tangible benefits for women and their unborn children. Thus, comprehensive and holistic intervention approaches should aim to address pregnant women’s objective hardship, cognitive appraisal, and subjective distress.
Another approach to viewing efforts at mitigating the effects of PNMS from disasters in particular is to consider the life cycle of disasters: from prevention to preparedness, to response, and to recovery. To date, however there has been little to no empirical investigation of interventions or strategies in this context. Given increasing rates of natural disasters globally, due to climate change (Herring et al. 2020; United Nations 2020), a lack of preparedness at population levels will exacerbate adverse outcomes. Thus, we now present some of the limited evidence to date on intervention strategies, and outline potential solutions and ways forward to addressing PNMS.
Objective Hardship: Protecting Women from Adversity During Disasters
As SPIRAL studies show, the degree of objective hardship can have profound effects on child development even in the absence of distress (and sometimes in combination with low distress as noted above).
At a prevention level, research has shown that general societal conditions and policy, such as social safety nets, can protect pregnant women from adverse birth outcomes. Although not in the context of disasters, studies on acute work stress have demonstrated that providing women with paid maternity leave and providing options to reduce or change their workload after the birth can have beneficial health effects. In France, the institution of these policies reduced the rate of preterm birth by 45%. In the USA, following the 1978 Pregnancy Discrimination Act, five states offered temporary disability pay to perinatal women. This change in state policy, which reduced the financial burden of having a baby, was associated with a 3.2% reduction in low birth weight, and a 7.2% reduction in early births (37–39 weeks), especially in single mothers and African-Americans. In 2004, California implemented paid family leave, which was associated with a 12% reduction in infant mortality (Montoya-Williams et al. 2020). Thus, even before a disaster strikes, policy-makers have the power to reduce the chronic financial stress experienced by childbearing women which translates into better birth outcomes which are, of course, the foundation of healthy development.
Policies on prenatal care can also be considered to be prevention measures as was found in one of SPIRAL’s flood projects. The QF2011 study in Australia piggybacked on a randomized controlled trial of two forms of prenatal care. The M@NGO trial (Tracy et al. 2011) compared standard care, in which pregnant women are seen by whichever midwife happens to be working at the hospital when she arrives for her prenatal visits and even for the birth, against Midwifery Group Practice (MGP) in which the pregnant woman has a primary midwife working in a small group of midwives. In MGP, the woman is closely followed by the primary midwife, but also develops relationships with the others in the group. Results showed that the greater the objective flood-related hardship experienced by women randomized to standard care, the greater were their anxiety and depression at 6 weeks postpartum (Kildea et al. 2018). Among women in the MGP condition, however, postpartum depression and anxiety were lower, and were not correlated with objective hardship from the floods as in the standard care group. The continuity of care offered by MGP also translated into better infant development than for those in standard care (Simcock et al. 2018). These benefits are likely due to the greater social support experienced by women in the MGP condition. Thus, prenatal care policies that enhance the continuity of care can prevent, or at least limit, poor outcomes in perinatal mothers and their infants.
Prevention by limiting objective hardship can also be practiced at an individual or family level. Couples wishing to become pregnant could decide to avoid avoidable stressors during the preconception and pregnancy periods. If awareness of the role that PNMS can play in limiting the child’s chances of reaching their full potential is raised, couples could intentionally schedule big decisions, such as moving house or changing jobs, for either long before attempting to conceive or until after the birth and weaning. Objective hardship is not inevitably associated with poor maternal mental health of course. SPIRAL studies have shown that social support, in particular from the spouse, buffers the pregnant women from depression in the postpartum period despite the degree of objective hardship from a major flood (Brock et al. 2014). Thus, couples who wish to conceive could be encouraged to strengthen their communication, and especially to understand each other’s preferred forms of support during times of stress.
Couples can also reduce the potential harm from objective hardship through emergency preparedness, especially when anticipating pregnancy and birth. Considering one’s location and the relevant hazards, preparedness involves staying informed about potential environmental hazards, making a plan for how to evacuate or shelter in place, having a plan for communicating during an emergency, and building a kit with materials and instructions to be used in the event of an emergency birth at home.
Disaster response and mitigation measures should include pregnant women (and their unborn children) as a vulnerable population requiring special attention during a community- or population-level disaster or emergency. Unlike the elderly or handicapped, however, pregnancy is practically invisible for the first 4 or 5 months and will not stand out to first responders. Before the “baby bump” is evident, many fetal systems are experiencing important growth making them susceptible to environmental influence. Governmental and nongovernmental organizations should single out pregnant women and their families to limit their experiences of objective hardship and threat. In the USA, the Centers for Disease Control and Prevention (CDC) has created toolkits to aid first responders to identify and support pregnant women (CDC Center for Disease Control, 2020). These tools include checklists and public service announcements to reach pregnant women with important information and health reminders. To our knowledge, however, the uptake of the CDC materials and their effectiveness have not been studied to date.
Subjective Distress
At a population level, one approach to reducing or preventing PNMS in response to disaster exposure is psychological first aid (World Health Organization and War Trauma Foundation and World Vision International 2011). Other individual-level intervention approaches, not specifically developed in relation to disasters but that could potentially be useful, include interventions such as cognitive-behavioral therapy (CBT), relaxation, mindfulness, and music, among others (Brett et al. 2011; Evans et al. 2019; Lavender et al. 2016). There have been a few examinations of effects of interventions for pregnant women during or after natural disasters. As such, we present evidence for interventions and approaches that have been used either to improve mental health in the context of natural disasters or to address PNMS in other contexts. We also present evidence from one brief, online intervention that was used in an attempt to reduce PNMS following Hurricane Harvey (Olson et al. 2019).
At a population response and recovery level, psychological first aid is recommended by the World Health Organization (WHO) as a humane and supportive response to individuals who are suffering and in need of support during or immediately following a serious crisis event, such as a natural disaster (World Health Organization and War Trauma Foundation and World Vision International 2011). The model of psychological first aid commonly adopted in the USA was developed in 2006 by mental health experts, the National Child Traumatic Stress Network and the United States National Center for Posttraumatic Stress Disorder. In 2011 the WHO published guidelines for delivery of psychological first aid (World Health Organization and War Trauma Foundation and World Vision International 2011). Psychological first aid addresses both objective hardship and subjective distress using the following approaches: assessing people’s needs and concerns; helping people address basic needs; providing practical care and support in a nonintrusive manner; listening and comforting people; connecting people to information, services, and supports; and protecting people from further harm. Delivering psychological first aid does not require background training in psychosocial interventions, although it is recommended that it is delivered via organizations or community groups. It is not intended to replace more advanced support that may be needed and, in the context of natural disasters, it is particularly important to be aware of available services and supports for pregnant women and families such that they can access practical and/or more advanced help (World Health Organization and War Trauma Foundation and World Vision International 2011). Through linking individuals with sources of basic needs and services, helping them cope with problems, providing information, and connecting people with social supports and loved ones, psychological first aid is suggested to promote a sense of safety, calm, connectedness, and of self- and collective efficacy, as well as instillation of hope (Hobfoll et al. 2007). Connecting pregnant women with basic needs and services during natural disasters is particularly important to mitigate any potential medical or health issues for them or their unborn child. Similarly, connecting pregnant women with social support is essential for prenatal well-being, with implications for pregnancy outcomes, as discussed below. Encouraging effective coping strategies, and discouraging dysfunctional coping strategies to reduce PNMS, will facilitate pregnant women feeling more in control of their situation and their well-being in the context of natural disasters. Although a review in 2014 of guidelines for psychological first aid found limited empirical support for existing psychological first aid guidelines (Dieltjens et al. 2014), pilot work examining the use of psychological first aid following the Haiti earthquake in 2010 found it to be a useful approach to providing psychosocial support and that shorter versions of the WHO psychological first aid guidelines could be used immediately following a crisis (Schafer 2010). Further guidelines, published in 2019, outline how perinatal nurses providing maternal and newborn care in disaster contexts can utilize psychological first aid in their practice to reduce perinatal distress in the hopes of mitigating adverse maternal and child outcomes (Giarratano et al. 2019).
A Population-Level Intervention
After 20 years of results demonstrating the significant and long-lasting effects of PNMS on the development of the unborn child, SPIRAL researchers decided that any future disaster studies would need to include a test of an intervention that might reduce the subjective distress in pregnant women. The intervention would need to be able to reach hundreds or even thousands of pregnant women all at once, and quickly. Following the Fort McMurray wildfires in Alberta, Canada, SPIRAL researchers decided to administer an intervention that had demonstrated effectiveness in similar situations. Since the 1980s James W. Pennebaker has developed, tested, and refined a simple intervention to help people deal with stressors (Pennebaker and Chung 2007). Participants write their deepest thoughts and feelings about a recent or past stressor for 15–20 min/day for 3–4 consecutive days. In Pennebaker’s hallmark 1990 study, 130 college freshmen wrote either about the stresses of college life or about superficial topics for 15 min/day over 3 consecutive days at 1 of the 4 assigned weeks within the first 3 months of school. At follow-up, the expressive writing group had significantly superior immune function and well-being compared to the control group. The intervention was successful irrespective of the number of weeks into the semester the writing was completed, suggesting that this intervention could be successfully implemented several months post-disaster. This intervention is simple, quick, and can be self-administered at any time of day. This and similar research shows that such short bursts of expressive writing are sufficient to allow the emotional disclosure that seems to be the active ingredient in the intervention (Lange et al. 2003; Pennebaker and Chung 2007). Expressive writing has been shown to improve biochemical markers of physical and immune functioning (Petrie et al. 2004) in soldiers returning from combat (Esterling et al. 1994) and even in HIV-infected patients (Petrie et al. 2004). A meta-analysis of 146 published and unpublished randomized studies (mostly of college students) (total n=10,994; ~60/study) concluded an overall effect size (Cohen’s d) of .15, but higher (~.45) in studies following trauma (Frattaroli 2006). Effects were larger when participants disclosed in privacy, in their home, were paid, and were not college students; ethnicity, education, and age had no effect. A more recent analysis of 8 RCTs with a total of 929 female participants concluded that expressive writing was an efficient therapy for decreasing PTSD in women, but that effects were inconclusive for other mood and anxiety symptoms (Qian et al. 2020).
With this accumulated, promising evidence as support, Olson, King, and colleagues (Olson et al. 2019) prepared a randomized controlled trial (RCT) of an expressive writing intervention that would be launched and administered by the REDCap platform through the University of Alberta. The goal was to help women who had been pregnant during the 2016 Fort McMurray wildfires that forced the abrupt evacuation of all 88,000 residents. Women were recruited through social media such as Facebook, and directed to a website where their eligibility was determined. Eligible women were then directed to the REDCap platform where informed consent was obtained and pre-intervention assessments were completed. Randomization was conducted by REDCap to one of the three treatment arms: (1) expressive writing, (2) neutral writing, and (3) no writing. Assignment was conducted using block randomization and a 1:1:1 ratio. Unfortunately, the wildfire study recruited fewer participants than anticipated, with only 45 women completing the expressive writing intervention, and the results of the RCT have been inconclusive. On the other hand, the REDCap intervention was already programmed, and ready to launch for the next opportunity.
On August 25, 2017, Hurricane Harvey made landfall in Texas. This disaster tied with Katrina as the costliest hurricane on record ($125 billion), killed more than 90 people, and caused major flooding in Houston and the surrounding Harris County. Johanna Bick at the University of Houston joined the SPIRAL team to relaunch the expressive writing intervention, targeting women who had been pregnant during the flooding or who conceived within 6 months of the disaster. The trial was publicized on social media, in the local newspaper, on the local radio, and through the distribution of flyers in local community centers serving pregnant women. Interested women were directed to a website where they could learn about the study and complete an online form to check their eligibility and enroll. This form inquired about age, pregnancy timing, and residency at the time of the hurricane. Those who were eligible automatically received a standardized email directing them to the REDCap platform at the University of Alberta.
Participants completed baseline measures of their mental health before being randomized to the three treatment groups as had been done in the wildfire study. After randomization, group-specific standardized written instructions were sent to participants. Participants in the expressive and neutral writing groups were instructed to write continuously for 15 min a day, 4 days in a row. For each day, they were provided specific instructions about what topics to write about (Table 18.2).Table 18.2Writing topics for Hurricane Harvey Mom Study participants in the expressive writing and neutral writing RCT groups. In both groups, instructions were: “In narrative form, please write constantly without stopping for 15 minutes about the topic. Provide as much factual detail and description as possible.”


	Day
	Expressive writing topics
	Neutral writing topics

	1
	Fears
What are your worst fears due to the flood?
What has helped you deal with these worst fears?
	Exercise
Describe in great detail the type of exercise you do. What exercise do you engage in? How often? With whom? When specifically? How long do you exercise? Have you always exercised? Has your exercise pattern changed at all lately? Please describe. What are you exercise goals? Why do you exercise?

	2
	Relationships
Has the flood caused any changes in your personal relationship(s) with another person or persons? What is (are) the worst examples(s)?
What has helped or is helping you deal with these relationship(s) changes?
	Diet
Describe in great detail what you have eaten today. When do you eat? Where do you eat? What do you typically eat for each meal? With whom do you eat? Do you prepare your own food? Does someone else prepare the food you eat? Do you do your own shopping for food? Where do you shop? Does someone else shop for food? Do you plan your meals before shopping if you or someone else does the shopping? Is your eating today typical of your regular patterns of eating? What are your “food goals”? Has your eating pattern changed at all lately? Please describe.

	3
	Traumatic experiences
What is the most traumatic, upsetting experience of your entire life, especially that you have never discussed in great detail with others?
What helped you deal with this experience?
	General health
Please describe your general health. Have you generally been healthy throughout your life so far? If not, what specific health situations would you say have interfered with your general good health? When did these situations occur or are they ongoing? How were these situations treated? Was the treatment effective? Have you ever had surgery? If so, please describe the situation/situations that led to you having surgery. Are your immunizations up to date? Are you under regular healthcare? How often and for what situations?

	4
	Conflicts/problems
What are the worst conflicts or problems that you have ever experienced or are experiencing now?
What helped you deal with this situation?
	Work
Please describe the type of work you are involved in on a day-to-day basis. How long have you done that type of work? Will you continue to do that type of work? Are you satisfied with your work? What plans do you have to change/modify the type of work you are currently doing and why? Did your type of work require preparation/training/education? If so, for how long and where? Do you have plans for any further education? Why?




Participants in the no-writing control group were informed that they would be recontacted later for follow-up questionnaires. All participants were recontacted 2 months after their randomization to complete follow-up questions about their mental health. Participants were sent links to $20 Amazon gift cards for each phase of the study they completed (possible total $80 USD).
The Harvey Mom Study recruited 1,388 participants into the study between February 12, 2018, and October 9, 2018. Once ineligible women, duplicates, and those without complete baseline data were excluded, 1,058 women completed at least part of the treatment. Of these, 818 also completed the 2-month posttreatment follow-up assessments: 258 in the expressive writing group, 269 in the neutral writing group, and 291 in the control group. To our knowledge, this is the largest RCT of Pennebaker’s expressive writing intervention undertaken to date.
Overall, there were significant reductions in all mental health symptoms between pre-intervention and post-intervention time points. However, despite having adequate power to detect even small effect sizes, the expressive writing intervention failed to improve that trajectory in any of the outcomes: post-traumatic stress symptoms, depression, dysphoria, panic, ill-temper, and well-being. This was true for analyses of the intent-to-treat sample, the per protocol sample, and despite controlling for several potential confounders or for none at all. Multiple potential moderating variables were investigated, such as race, socioeconomic status, and time since the flooding, but no advantage of the expressive writing intervention has been found so far. In theory, it is possible that the intervention could have had effects on the women’s immune system or other physiological functioning that could have altered fetal programming in ways that will emerge over time. Thus, the Harvey Mom Study will monitor the development of the infants and be attentive to any downstream effects of the expressive writing intervention. If any are found, however, they will clearly not have been mediated by any effects of expressive writing on maternal mental health.
Psychosocial Resources at the Individual Level
Subjective distress increases during and following a natural disaster, as we have noted earlier. There are a number of factors at the individual level that can be targeted in the context of PNMS, including social support, resilience, self-efficacy, and cognitive appraisal. The nature of these factors is such that they need to be developed and fostered throughout pregnancy, and even during the preconception period, such that they can be effectively used as resources to buffer individual stress effects as and when needed. As such, they represent important psychosocial resources relevant across the life cycle of natural disasters.
Social support has demonstrated significant associations with prenatal stress and obstetric and child outcomes in the wider literature. Greater social support is associated with the following: lower maternal perinatal anxiety (Razurel et al. 2017); higher birth weight and decreased likelihood of low birth weight (Feldman et al. 2000; Hedegaard et al. 1996; Oakley et al. 1990); more optimal fetal movement (Dunkel Schetter 2011); and reduced risk of preterm birth (Dejin-Karlsson et al. 2000; Pryor et al. 2003). Social support can act at a biological level. For example, an examination of the influence of social support on levels of cortisol, cortisone, and the ratio between cortisol and cortisone, as a marker of activity in the placental barrier enzyme 11β-HSD2 in the second trimester, found that higher social support was the strongest predictor of increased 11β-HSD2 activity (La Marca-Ghaemmaghami et al. 2013). Higher support has also been associated with increased metabolism of cortisol in relation to experiencing amniocentesis as a pregnancy-specific stressor (La Marca-Ghaemmaghami et al. 2013), demonstrating important protective effects of support against the presumed mechanisms of PNMS effects.
In the context of natural disasters, the Iowa Flood Study found that social support buffers mothers against depression (Brock et al. 2014). Among all five SPIRAL disaster studies, PTSD rates were highest in the Fort McMurray Wildfire Study: 28% of the sample scored above the clinical cutoff of 33 on the IES-R, compared to 2–9% in the other studies. Verstraeten (under review) examined moderators of the associations between peritraumatic distress (experiences at the time of the fire as recalled at a later date) and current PTSD symptoms. She found that women were buffered from the effects of peritraumatic distress by greater satisfaction with their social support levels; this was only true, however, when peritraumatic distress was below severe levels. In other research, following the Lushan earthquake in China in 2013, poor social support was found to be predictive of depression, and was strongly related to women’s coping styles; those with high coping styles and high subjective social support had the lowest levels of depression (Ren et al. 2015). As noted in relation to psychological first aid, linking individuals with social supports is, therefore, a key component of mitigating PNMS at a population level and at an individual level.
The capacity to engage in the dynamic process of negotiating, managing, or adapting over time to stress, adversity, and trauma is referred to as resilience (Windle 2011). Resilience is associated with psychological adjustment and well-being in general populations and among individuals experiencing a natural disaster (Li et al. 2016). Prenatal resilience is associated with maternal self-efficacy, interpersonal support (Dunkel Schetter 2011), and stress and anxiety (Roos et al. 2013). Further, prenatal resilience is suggested to act as a buffer against adverse effects of stress on outcomes, such as poor maternal sleep quality (Li et al. 2016) and perinatal depression (Ma et al. 2019). Resources within an individual’s environment and at different periods of the lifespan will influence their ability to “bounce back” from adversity (Windle 2011). At an individual level, provision of appropriate resources and supports is a key component to enhancing resiliency during pregnancy. Particularly in the context of natural disasters, socio-ecological resilience has been proposed as the degree of disturbance that relationships between social processes and ecological dynamics can endure without a loss of complexity of both (Goldstein 2008).
In the Fort McMurray Wildfire Study, the women’s resilience at recruitment was found to buffer the association between the objective hardship the women experienced and their PTSD symptoms 24 months after the fire (Verstraeten, in preparation). Resilience was measured using the Connor-Davidson Resilience Scale (CD-RISC) (Connor and Davidson 2003). Although women with low levels of resilience tended to screen positive for potential PTSD (IES-R scores = ~23), those with high resilience ratings had more than 10 points lower PTSD scores; on the other hand, the highly resilient women had increasingly severe PTSD symptoms, the more severe their objective hardship such that, with moderate to high objective hardship, there was no longer a benefit of high resilience. It must be said, however, that the levels of objective hardship in this cohort were extremely high with much of their city burning to the ground, and most of the women evacuating the city alongside walls of fire. Thus, if resilience could protect women from even moderate levels of hardship, then this measure of resilience is powerful indeed. Thus, one approach to protecting pregnant women and their unborn children from the stress of disasters, or from any severe life event, could be to enhance their levels of resilience. Interventions to enhance resilience that focus on individual and social/community/structure levels are suggested to be more effective than interventions focused on individual strengths alone due to the need to consider the dynamic interplay across multiple levels (Windle 2011).
As previously noted, how individuals appraise and perceive stressful life events can influence their reactions to these events. It is therefore logical that supporting individuals to perceive positive aspects of the challenges they encounter can mitigate adverse effects of PNMS. This often involves forms of cognitive restructuring or reframing whereby individuals are made aware of their thought patterns and are taught strategies to address maladaptive cognitions and responding. As noted in the chapter by Brown et al. in this volume, a common and well-validated example within the literature is CBT. CBT is an umbrella term encompassing a range of distinct therapy models and is typically seen as the gold standard of psychotherapeutic approaches (Herbert et al. 2013). Health services in the UK and Australia have enhanced training of providers and access to services for individuals experiencing psychological disorders in recent years in recognition of the potential benefits of CBT, although other countries such as the USA and Canada lag behind in this regard (Hofmann et al. 2013). CBT typically involves components such as psychoeducation, problem solving, cognitive restructuring, relaxation, assertiveness, and behavioral experiments. Aspects such as psychoeducation, problem solving, and cognitive restructuring can be well adapted to natural disaster-related issues and challenges that have been identified in previous SPIRAL work, while components such as relaxation can be used across settings and contexts. CBT has yet to be examined in the context of natural disasters, but findings from a range of populations, including general pregnancy populations and those experiencing, or at risk for, mental health difficulties, demonstrate significant beneficial effects on self-reported prenatal stress and anxiety (Loughnan et al. 2018; Maguire et al. 2018). One recent review also noted reductions in cortisol levels resulting from CBT intervention use (Wadephul et al. 2016). Thus, CBT represents a potentially useful approach to minimize PNMS from a natural disaster.
CBT is generally provided in individual or small group therapy, but recent adaptations have provided CBT interventions online in ways that could be adapted to population-level disasters. For example, evidence for effectiveness or remotely delivered perinatal CBT (e.g., Loughnan et al. 2018, 2019)) highlights that a large number of affected women can be supported at the same time, without significant cost implications in the event of natural disaster. In addition to increasing convenience and reduce costs once established (Loughnan et al. 2019), remote CBT delivery may be particularly advantageous for pregnant women during or following natural disasters who may be unable to access in-person supports. A recent RCT of a brief online, unguided cognitive-behavioral intervention tailored to symptoms and challenges in pregnancy for women at risk of, or experiencing, stress, anxiety, and/or depression demonstrated reductions in anxiety and general psychological distress in the third trimester relative to usual care (Loughnan et al. 2018). This intervention, the MUMentum pregnancy program, delivered three lessons online over a 4-week period via an online virtual clinic. Lesson content was presented as short illustrated stories of two fictional characters who were experiencing PNMS and their strategies for managing this distress. A version of this intervention adapted for the postpartum period also demonstrated reduced anxiety and depression (Loughnan et al. 2019). Such interventions provide potentially useful, tailored, and targeted approaches to addressing PNMS in the context of natural disasters, whereby a large proportion of affected women across potentially broad geographical regions can be supported simultaneously at low cost.
To date, CBT interventions for PNMS have not been examined in the context of natural disasters. There is, however, evidence of effectiveness of disaster-focused CBT interventions for post-disaster stress in the general population. For instance, there is evidence for effectiveness of a CBT post-disaster distress (CBT-PD) (Hamblen et al. 2006) intervention for reducing PTSD among survivors of different types of natural disasters, including a hurricane (Hamblen et al. 2009) and an earthquake and tsunami (Leiva-Bianchi et al. 2018). The CBT-PD intervention is designed for individuals with higher than normal stress following a disaster, and is intended to function as an intermediate step between crisis counselling within 60 days of a disaster and longer-term mental health supports (Hamblen et al. 2006). It involves group therapy lasting 10–12 weeks, which included psychoeducation, breathing retraining, cognitive restructuring, and behavioral activation. In 2010 an earthquake took place in Chile, impacting approximately 2 million people; the earthquake also resulted in a tsunami that caused significant damage along the Chilean coast. Following the earthquake and tsunami, the CBT-PD intervention demonstrated reductions in PTSD in individuals with high levels of symptomatology at baseline, relative to control groups (Leiva-Bianchi et al. 2018). The CBT-PD intervention has also been used previously following Hurricane Katrina in the USA, with significant decreases observed for PTSD symptoms in individuals with high baseline symptoms; beneficial effects lasted up to 5 months following the intervention (Hamblen et al. 2009). Although CBT-PD has yet to be examined in a perinatal population in relation to natural disasters, evidence of effectiveness of CBT-PD in other populations, and effectiveness of CBT in pregnant populations, strongly suggests the usefulness of CBT as an approach to addressing PNMS in the context of natural disasters (see also Chap. 20, Pre- and Perinatal Interventions for Maternal Distress).
Parenting
Above, we have presented interventions that could be administered during pregnancy with the goal of reducing the direct effects of PNMS on the unborn child. Given the literature that associates prenatal stress with maternal mood in the postpartum period, and the literature associating maternal postpartum mood with child outcomes, it is important to consider additional interventions after the birth of the child. These interventions could aim to, first, modulate the prenatal effects of the PNMS on the developing child and, second, improve maternal mood which might improve child outcomes indirectly. Examples of postpartum interventions demonstrating beneficial outcomes for mothers and infants, and that are applicable to natural disaster contexts, include kangaroo care and interventions to increase responsive parent-child interactions.
Kangaroo care is also called kangaroo mother care and skin-to-skin contact. Kangaroo care involves continuous and prolonged skin-to-skin contact between the mother (or another family member) and the infant following birth; the infant should be held as early as possible and for as long as possible (Kostandy and Ludington-Hoe 2019). Kangaroo care emerged in light of shortages of incubators in Bogota, Columbia, leading to parents acting as natural incubators out of necessity (Feldman and Eidelman 2003). It gained traction as an area of research interest in the 1970s through the recognition that there is a sensitive window of time following birth that impacts on maternal-infant attachment and infant health and development (Kennell et al. 1975). By the early 1990s, kangaroo care was considered a method of choice in many European and American hospitals; however, overall implementation remains low (Chan et al. 2016), with variations across countries (Abdulghani et al. 2018). Kangaroo care reduces risk of mortality for infants born preterm and with low birth weight (Chan et al. 2016), which are both outcomes that have been associated with exposure to natural disasters (Maslow et al. 2016; Palmeiro-Silva et al. 2018). Kangaroo care is also reported to improve infant motor, sensory, auditory, tactile, parasympathetic, and sympathetic development (Defrancq 2019). Furthermore, kangaroo care significantly improves rates of breastfeeding initiation and maintenance and maternal-child attachment (Baley and Newborn 2015) and reduces maternal depression (Scime et al. 2019). For instance, one study of a kangaroo-care intervention conducted with 40 preterm infants in South Korea found that kangaroo sessions, lasting 30 min, three times per week, for a total of 10 sessions, improved infant physiological function and maternal-infant attachment and reduced maternal stress (Cho et al. 2016). Although considered an essential component of newborn care for low birth weight and preterm infants, kangaroo care is also an important intervention for infants born at term and of normal weight (Cleveland et al. 2017; Moore et al. 2016). Although there is no current consensus on the optimal duration and/or timing of kangaroo care (Chan et al. 2016; Defrancq 2019), there is agreement of the need for greater education and support for healthcare providers, and more strategies and policies in hospitals and healthcare systems, to increase the implementation of kangaroo care. This simple yet highly beneficial intervention can be particularly useful during and following natural disasters as it requires minimal resources, can be conducted by both mothers and their partners, and can have long-term benefits for mothers and infants.
Interventions focusing on parent-infant interactions, and parenting approaches, can also be beneficial for buffering women and infants against the effects of PNMS. How parents interact with their infants predicts child development and behavioral outcomes, as well as mental health. For instance, an infant-caregiver relationship that is characterized by warmth, affection, and responsiveness is argued to be as important for optimal child development as meeting basic needs such as food and access to health services (Eshel et al. 2006). Central components of responsive parenting are observing, recognizing, and responding appropriately to infant’s needs, which are essential to good parent-child interaction. Parent-child interactions and responsive parenting approaches are associated with child outcomes including language, cognitive, behavioral, and psychosocial development, as well as survival, growth, and protection from disease, particularly for low birth weight infants (Eshel et al. 2006; Landry et al. 2006). Responsive parenting also buffers effects of stress and other risk factors on child outcomes. For example, responsive parenting is suggested to buffer effects of cumulative biomedical risk, related to prenatal and birth complications, on social cognition. Higher biomedical risk is associated with poor social cognition at 18 months but only for children who experience low levels of responsive parenting; children with high levels of responsive parenting do not demonstrate any impact of biomedical risk on social cognition (Wade et al. 2015). Similarly, higher responsive parenting buffers effects of low birth weight on language development (Madigan et al. 2015) and behavioral problems (Laucht et al. 2001). Responsive parenting was also found to buffer the effects of early-life stress on telomere length, with longer telomeres associated with more responsive parenting among high-risk children only (Asok et al. 2013).
Responsive parenting is also characterized by greater emotional availability and consistent approaches to discipline (Burchinal et al. 2010). Although responsive parenting is not often examined in the context of natural disasters, in the Queensland Flood Study, maternal emotional availability, especially structuring, with infants at 16 months was found to have a direct effect on toddlers’ development at 30 months as measured by the Bayley Scales of Infant Development (Austin et al. 2017). Maternal structuring was also found to buffer the infant from the mother’s subjective distress from the flood. In fact, the greater the mother’s subjective distress from flood, the greater the positive effects of maternal structuring on the child’s cognitive development: for toddlers with mothers who were highly structuring (90th percentile), the number of words spoken went from about 42 at low maternal subjective stress levels to about 73 under high stress. Thus, for those toddlers with high structuring mothers, the greater the maternal subjective stress scores, the higher their vocabulary score.
Few studies examine parenting and parenting styles following natural disasters (Kessel et al. 2019). However, there is some evidence that natural disasters might impact parenting. For instance, in interviews with parents following the South-East Asia tsunami in 2004, parents who were more severely impacted by the natural disaster reported feeling less able to assess their children’s reactions and to provide appropriate support (Hafstad et al. 2012). Other evidence, however, suggests that there is no effect of PNMS on maternal parenting style. For example, in the Iowa Flood Study, correlations between maternal objective and subjective PNMS and the consistency of maternal discipline at 7 years postpartum, as assessed with a self-report measure, were uncorrelated (all r’s < 0.10; Daniel, in preparation). Similarly, results from the QF2011 flood study show that neither objective hardship nor subjective distress, assessed within a year of the flood, was correlated with maternal sensitivity or structuring at 18 months postpartum as rated from videos of mother-child interactions by raters who were blind to the mothers’ levels of PNMS (Austin et al. 2017). Again in QF2011, blind ratings of maternal involvement and negativity during a mother-child puzzle task were mostly uncorrelated with maternal objective hardship and subjective distress; the only exception was that greater objective hardship tended to be associated with better maternal involvement (p < 0.10; McLean, under review). These latter studies offer particularly strong evidence, given the third-party evaluation of maternal behavior from recorded mother-child interactions, that maternal caregiving is relatively immune to prenatal hardship and distress.
Irrespective of any potential direct impact of natural disasters on parenting approaches, supporting parents to engage in appropriate parenting behaviors can improve child outcomes. Providing appropriate guidance and support to parents to engage in appropriate interactions and responsive parenting improves maternal, familial, and child outcomes in this context (Miller and Commons 2010). Effective responsive parenting interventions for reducing maternal stress and improving maternal responsiveness, and child outcomes, have been identified in developed and developing countries. In developed countries interventions are most effective when targeted at vulnerable populations, while in developing countries many responsive feeding approaches have been integrated into routine care. This indicates the effectiveness and feasibility of responsive parenting interventions in a range of settings (Eshel et al. 2006). Identified strategies for improving responsive parenting include home visits; clinic care; individual, community-level, and mass media education; and family therapy (Eshel et al. 2006). One example of an interaction-focused intervention that accomplishes this is Triadic Parent-Infant Relationship Therapy (TRT) (Castel et al. 2016). TRT is based on attachment theory and tailored to child development stages. It is delivered as 22 sessions, including home visits twice per month during the first 4 months, and then monthly consultations up to 18 months. TRT on facilitating parent-infant interactions to enhance emotional sharing within the mother-father-infant triad; promoting understanding of infant development to strengthen appropriate perceptions; and promoting parent-infant triadic relationship to foster infant motor, cognitive, behavioral, and socio-emotional development. In a study with infants born preterm and their parents, TRT demonstrated reductions in stress, depression, and PTSD in mothers and fathers, and improved infant developmental quotients, and infant motor, language, behavioral emotional, and socialization development (Castel et al. 2016) (see also Chap. 12, Gestational Stress and Parenting).
A Word About Global Pandemics
In this chapter we have discussed the effects of prenatal exposure to natural disasters on maternal mental health and child development. We have been especially struck by the associations with the objective measures of maternal hardship including degrees of threat, loss, scope, and change. In 2020 the world found itself confronted with a novel coronavirus that causes COVID-19, a highly contagious respiratory illness that claimed the lives of hundreds of thousands of people worldwide. The pandemic produced levels of threat, loss, scope, and change that were unprecedented in modern times: daily reminders of threat were broadcast on all forms of media, mass layoffs, and business closures created record levels of financial loss, and most aspects of daily life were changed for months at a time. In particular, the “scope” of this human disaster was unprecedented in the previous century. Considering that the scope reflects the duration of the crisis and the percentage of the population affected, that the COVID-19 pandemic is likely to last for a prolonged period and affect, in one way or another, 100% of the global population, the scope of this pandemic is greater than any that have been studied by SPIRAL studies to date. Much of the change that pregnant women experienced in the USA, Canada, Europe, Brazil, and elsewhere is the fear, supported by rapidly changing hospital policies, that their partners would not be able to be with them during labor and delivery nor be able to stay with them for a certain time after the birth. This is in addition to fear of infection and concerns about risk of infection, transmission of infection to the fetus, and infection of loved ones (Matvienko-Sikar et al. 2020). A 2020 cross-Canada study of 1,987 women pregnant during the peak of the pandemic(Lebel et al. 2020) found that the women surveyed had exceptionally high levels of distress that were two to three times higher than rates reported in the general literature: 37% reported clinically relevant levels of depression, 57% reported severe anxiety, and 68% reported elevated pregnancy-related anxiety. Consistent with what was reported in SPIRAL studies, social support protected women from these mental health outcomes (Lebel et al. 2020). If SPIRAL studies have found significant effects on objective hardship during pregnancy associated with an ice storm, three floods, and a wildfire, how much greater could the effects of the COVID-19 pandemic be on the mental health of perinatal women and on the next generation of children? Research has been undertaken to identify how best to support women and reduce PNMS during the COVID-19 pandemic, and approaches will likely include many of those outlined in this chapter.
Conclusions
Climate change appears to be the nature of our current reality and is unlikely to improve significantly in the near future. Climate change brings with it increasingly more frequent and more severe weather events that affect large segments of the global population every year. However, the natural hazards brought on by these events do not necessarily have to lead to natural disasters for the fetus. In other words, much of the human cost of these events can be avoided by population-level policies and practices that can limit the objective hardship, subjective distress, and negative cognitive appraisals that have been found to be detrimental to the well-being and optimal development of the unborn next generation. Community-, family-, and individual-level characteristics, such as continuity of prenatal care, social support, and responsive parenting, can buffer the unborn child from the negative effects of prenatal stress. These and other protective factors can, thankfully, be taught or enhanced through interventions or can be legislated for the common good.
The value of natural disaster studies of PNMS extends beyond this type of stressor to any type of life event during pregnancy that incurs significant threat, loss, scope, or change. The ultimate goal of this line of research is to develop a model of PNMS that will apply to any type of prenatal stress and that will guide appropriate mitigation strategies.
One challenge that remains to be addressed is the question of knowledge mobilization around prenatal maternal stress: during a natural disaster or other population-level crisis, how can researchers sound the alarm about prenatal stress and mobilize couples, communities, and decision-makers without stressing pregnant couples further?
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Introduction
Women’s depression and its common comorbidities of anxiety and stress, during pregnancy, are associated with adverse developmental outcomes during infancy and beyond; however, pharmacotherapy with selective serotonin reuptake inhibitor (SSRI) antidepressants commonly used to treat these symptoms also carries developmental risk (Brummelte et al. 2017). Non-treatment is not a recommended option, efficacious psychotherapy may not be readily available, and stopping SSRIs in pregnancy is usually not clinically recommended. Under these circumstances, mothers and their clinicians need to make difficult choices about how to best manage mood disturbances in pregnancy that optimize the mother’s health and reduce risks to her infant and child. This chapter will focus on the other side of gestational mood disturbances; we describe the developmental impact on children exposed to SSRI antidepressant prescribed for the treatment of maternal mood disorders during pregnancy. We will focus on neurodevelopmental outcomes associated with prenatal SSRI exposure as a prototypic antidepressant group, including exposure to serotonin-norepinephrine reuptake inhibitors (SNRIs), and refer to SSRIs as a grouping that includes both classes of antidepressants (Cohen et al. 2004, 2006; Gentile 2015; Latendresse et al. 2017; Oberlander et al. 2006; Payne and Meltzer-Brody 2009; Stein et al. 2014; Strauss et al. 2014; Vigod et al. 2016). About 20% of women experience depression during pregnancy and between 2% and 9% are treated with SSRI antidepressants (Cooper et al. 2007; Hanley and Mintzes 2014). In Canada, this means that of the 390,000 infants born in 2018, ~78,000 were born to a mother with a depressive disorder and ~19,000 were born to a mother taking an SSRI. Clearly, this is an issue for many women and their children.
SSRIs readily cross the placenta and blood–brain barrier, blocking serotonin uptake during critical brain growth phases that may have developmental implications for the child (Casper et al. 2003, 2011; Gidaya et al. 2014; Gustafsson et al. 2018; Hanley and Oberlander 2014; Johnson et al. 2016; Moses-kolko et al. 2005; Weikum et al. 2012). As the impact of continued prenatal SSRI treatment raises concerns for many mothers and clinicians, 50% of women decide to discontinue SSRI therapy before or during early pregnancy (Hanley and Mintzes 2014; Sheline et al. 2001). Mothers with severe symptoms are more likely to continue SSRI therapy compared with those who stop before conception (Petersen et al. 2011). However, comparing outcomes of women who continue medications with those who stop prior to conception often fails to account for key differences in maternal illness and symptom severity, often compounding the difficulty in drawing conclusions about the nature of developmental risk associated with antidepressant medications (ADM).
Disentangling the effects of prenatal depression from its treatment and accounting for the impact of the maternal illness that leads to SSRI treatment, termed “confounding by indication,” remains the key methodological challenge confronting this area of research. A recent systematic review highlighted that many developmental outcomes associated with prenatal SSRI exposure may in fact be driven by factors related to the underlying mood disorder itself (Rommel et al. 2020). Child development in this context depends on multiple factors beyond maternal mental health and its treatment and should include genetic and epigenetic factors (Booij et al. 2013), environmental context, and interactions among all of these potential influences, reflecting an iterative process that unfolds over pregnancy and beyond (Brummelte et al. 2017; Non et al. 2014; Park et al. 2018; Pawluski et al. 2017). After more than 20 years of investigation, our understanding of child developmental outcomes related to prenatal SSRI exposure continues to be challenged by key methodological and contextual issues. These include key study design features such as the identification of comparator exposure groups, the determination of timing and duration of gestational SSRI exposure, the quantification of severity of a mothers’ depression symptoms during and following pregnancy, the contextual environment (i.e., quality of caregiving), and the treatment response (to the SSRI).
In this chapter, we review key findings from human studies that describe the neurodevelopmental impact of prenatal SSRI treatment for a cluster of symptoms that include – depression, stress, and anxiety. In particular, this chapter will examine socio-emotional, cognitive, language, and neural (neuroimaging) correlates associated with prenatal SSRI exposure and review how findings might differ from exposure to maternal mental illness with no SSRI exposure. To put these findings in a broader context, we also contrast these findings with outcomes from studies examining this same set of developmental outcomes in relation to non-pharmacological (psychotherapy) interventions during pregnancy. This chapter is not intended to be an exhaustive review of the SSRI developmental outcomes literature. Rather, we will use key child findings as a way to illustrate the heterogeneity of the findings and analytic approaches used to address confounding by maternal mood, as well we will consider methodological challenges and discuss future directions for research in this field. For a comprehensive recent systematic review, see Rommel et al. 2020. We will only mention selected animal findings to illustrate a human finding. For a detailed review of animal findings on this topic, we refer the reader to (Houwing et al. 2019; Olivier et al. 2013).
Setting the Scene: SSRI Antidepressants
Central to our understanding of how mothers’ use of SSRIs during pregnancy influences her offspring’s early brain development is an appreciation of the diverse roles played by the neurotransmitter serotonin (5HT) (Homberg et al. 2010). 5HT is a key neurodevelopmental signal involved with early brain growth and function in regions central to the regulation of stress and control of cognitive functions (prefrontal cortex). SSRI antidepressants inhibit the reuptake of serotonin (5HT) via a serotonin transporter blockade at presynaptic neurons, thereby increasing synaptic 5HT (Gaspar et al. 2003). Long-term, higher levels of 5HT in the fetal brain than is typical may lead, via negative feedback, to constrained development of the 5HT circuitry, reduced serotonergic tone, and ultimately lower 5HT levels during development (Brummelte et al. 2017). Paradoxically, such manipulation of 5HT levels in animal models (e.g., by genetic variations, 5HT agonists, or SSRI exposure) alters brain morphology. Further, constrained 5HT maturation increases anxiety-like behaviors later in life (Ansorge et al. 2004; Homberg et al. 2010; Simpson et al. 2011). SSRIs may also have anti-inflammatory and anti-oxidative effects (Gałecki et al. 2018; Hou et al. 2019) or act via antimicrobial properties to shifting gut–brain communication, though whether these mechanisms also contribute to early brain development remains to be determined (See also Chap. 8, The Microbiome–Gut–Brain Axis).
Serotonergic neurons appear as early as 5 weeks gestation (Bonnin and Levitt 2011), and maternal tryptophan and placenta sources contribute to early fetal 5HT signaling (Ansorge et al. 2008; Berger et al. 2009; Alexandre Bonnin et al. 2012; Pino et al. 2004). 5HT is implicated in the pathophysiology of numerous psychiatric and developmental disorders and not surprisingly is a target of numerous pharmacological therapies. Long before 5HT becomes a neurotransmitter in the mature brain, it plays a role as a neurodevelopmental signal and regulates cell growth (Whitaker-azmitia et al. 1996). In the fetal brain, 5HT and its receptors are over-expressed and widespread in regions where they are absent in adults. This points to a time-dependent character of 5HT during development (Bonnin et al. 2006). It is therefore conceivable that alterations of 5HT during gestation (Paquette and Marsit 2014), either via pharmacological manipulations (i.e., SSRIs) or related to genetic variations (i.e., SLC6A4), could alter these processes and have downstream consequences for the development of serotonergic-related development and behavior (Casper et al. 2011; Hanley and Oberlander 2014; Malm et al. 2016; Moses-kolko et al. 2005) (See also Chap. 4, Prenatal Programming in the Fetus and Placenta).
Prenatal SSRI Exposure and Neurobehavioral Outcomes
Prenatal exposure to SSRIs has been associated with many developmental outcomes, emerging at varying times across early childhood (Rotem-Kohavi and Oberlander 2017). Findings remain inconsistent, and reflect three key outcomes associated with prenatal SSRI exposure: (1) some outcomes reflect developmental adversity (Hilli et al. 2009), (2) others showing resilience (Nulman et al. 1997), or (3) some even possibly show a developmental benefit (Weikum et al. 2013b). While some of these outcomes may reflect typical variations in early human development, drug effectiveness or failure, such variations may also reflect important methodological differences between studies in whether or not they accounted for maternal mood.
We structure our review by taking somewhat of a developmental perspective, beginning with outcomes noted as early as during fetal and newborn development and then moving on to findings during childhood (early childhood through adolescence). Within the section on childhood outcomes, we also delve into some of the methodological issues. We close this section of the chapter by summarizing findings that meta-analytically reviewed the topic, given the strength of such an approach relative to drawing conclusions from individual papers.
Fetal and Newborn Neurobehavioral Outcomes
Even before birth, SSRI exposure appears to alter fetal behavior, as reflected in reduced irregular non-rapid eye movement sleep (Mulder et al. 2011), excessive motor activity, slower fetal breathing, and lower fetal heart rate (fHR) variability (Rurak et al. 2011; Salisbury et al. 2010). In newborns, SSRI exposure during pregnancy is associated with an increased risk for poor neonatal adaption syndrome, including respiratory distress, temperature instability, feeding difficulties, irritability, sleep problems, and tremors (Moses-kolko et al. 2005; Olivier et al. 2013). Fewer changes in behavioral state, increased amounts of uninterrupted REM sleep (Olivier et al. 2013), and blunt pain and stress response during the first 2 months of life have been reported (Oberlander et al. 2002, 2005, 2008). Such neurobehavioral outcomes are thought to reflect reduced 5HT-related biomarkers, such as the key 5HT metabolite 5-hydroxyindoleacetic acid, found in prenatally exposed infants (Laine et al. 2003). Taken together, the neurobehavioral impact of SSRIs is already apparent before birth, though detailed studies of fetal and newborn outcomes are still limited in number and scope of biobehavioral measures. Studies examining precise fetal drug metabolism and distribution and the role of pharmacogenetic factors linking SSRI prenatal exposure and fetal and neonatal functioning are needed.
Child Socio-emotional and Behavioral Outcomes
Research linking prenatal SSRI exposure and children’s development of psychopathology report divergent outcomes.
Some studies have found increased levels of anxious (Oberlander et al. 2010) and internalizing (anxious and depressive) behavior (Hermansen et al. 2016) during early childhood. Other studies have also reported higher levels of disruptive behaviors (Misri et al. 2006; Oberlander et al. 2007) and conduct problems (Pedersen et al. 2013) in young children. Importantly, in these studies, inconsistent adjustment for maternal mood (pre and/or concurrent) limits the ability to establish an association between SSRI exposure and child behavior. Even controlling for pre- and postnatal maternal depressive and anxiety symptoms, an increased levels of anxiety are still observed in SSRI-exposed children at 3 (Oberlander et al. 2010) and again at 6 years (Hanley et al. 2015), yet concurrent maternal depressed mood continued to be associated with increased anxious as well as externalizing behaviors, even in the presence of continued maternal treatment with an SSRI.
In contrast, other studies fail to identify increased levels of internalizing behavior (Misri et al. 2006; Nulman et al. 2012, 2015) or conduct problems in preschool-aged children with SSRI exposure (El Marroun et al. 2014). In these studies, higher levels of child behavioral disturbances are associated with prenatal mental mood (Grzeskowiak et al. 2016b), postnatal anxiety and depression symptoms (Misri et al. 2006; Pedersen et al. 2013), and both pre- and postnatal depressive symptoms (El Marroun et al. 2014; Nulman et al. 2012).
A number of methodological approaches have been used to address the confounding by maternal mood which may underlie the diversity of findings about the effects of prenatal SSRI exposure. These approaches include:
Controlling for Maternal Prenatal Mood
One attempt to disentangle SSRI effects from maternal mood-related effects compares exposure to (i) ADM treatment, (ii) depression/no ADM treatment, and (iii) no depression/no ADM. Using this design, prenatal depression, but not ADM, remained associated with conduct and prosocial problems at 4–5 years (Pedersen et al. 2013) and increased risk of behavioral problems at 7 years (Grzeskowiak et al. 2016a). While these comparison groups offer a conceptually sound basis to control for the presence or absence of a maternal mood disorder, it might not account for variations in illness severity.

Controlling for Preconception SSRI Exposure
Adding a comparison group of children of mothers who were only treated with an SSRI before pregnancy aims to control for maternal psychiatric illness severity but not SSRI exposure. Malm et al. (2016) reported that children of mothers who had been treated with an SSRI during pregnancy had an increased risk for depression, but not anxiety, ASD or ADHD, at 12–14 years compared to outcomes among children in the other exposure groups (Malm et al. 2016). Similarly, Liu et al. (2017) reported that when comparing outcomes among children of mothers who discontinued ADM treatment before conception, children with in utero exposure to antidepressants had an increased risk of psychiatric disorders, such as ASD, mood, or behavioral disorder up to 16 years (Liu et al. 2017). This association again highlights the possible impact of maternal illness severity that underlies antidepressant use in pregnancy.

Controlling for Familial Factors
Using an approach comparing exposed vs non-exposed among matched sibling is an attempt to control for familial factors. Using this design, prenatal ADM exposure is associated with higher levels of anxious behaviors at 3 years of age (Brandlistuen et al. 2015), controlling for pre- and postnatal maternal mood. This raises intriguing questions about both the enduring impact of maternal mood disorders long after birth and the efficacy of SSRI antidepressant treatment itself.

Joint Effect of SSRI Exposure, Prenatal Mood, and Postnatal Mood
Beyond methodological approaches to disentangling the effects of maternal depressed mood and its treatment with antidepressants, investigating outcomes also requires an understanding of the potential impact of maternal mood across prenatal and postnatal periods. While research to date has focused on identifying developmental outcomes associated solely with prenatal SSRI exposure (i.e., a “main effect finding”) (Misri et al. 2006; Nulman et al. 1997; Oberlander et al. 2007), conflicting findings suggest the possible role of moderating factors that might act to “buffer” the child from the impact of maternal depression. Conceivably, it is possible to identify both positive and negative outcomes via testing models that include maternal factors related to SSRI treatment in pregnancy. A case in point, in 3-month olds of depressed mothers, not unexpectedly, higher levels of maternal depression symptoms at 3 months predicted poorer infants readiness to interact and even with prenatal SRI treatment, depressed mothers interrupted their infants more during a toy-based play session (Weikum et al. 2013b). However, when depressed mothers were treated with an SSRI during pregnancy, higher prenatal depression symptoms were associated with a greater infants readiness to interact at 3 months. In this way, prenatal maternal treatment with an SSRI appeared to confer a possible postnatal developmental benefit for her infant in the context of maternal depression, suggesting “fetal programming effect,” whereby SSRIs shape the impact of prenatal maternal mood disturbances on future responses to a postnatal depressed maternal environment.

Joint Effect SSRI Exposure and Serotonergic Genotype
Developmental outcomes in this setting also require an appreciation of the interaction of serotonergic-altering genes and SSRIs. In another study design, SSRI exposure is considered in interaction with the child’s genotype for SLC6A4, a functional variant that regulates intrasynaptic 5HT and modifies 5HT signaling. For example, while SSRI exposure and maternal mood predict child inhibition and regulation at 6 years (Weikum et al. 2013a), the impact of prenatal SSRI exposure on executive functioning appears to vary depending on the child’s SLC6A4 genotype and their mother’s concurrent mood (Weikum et al. 2013a). For children with prenatal SSRI exposure, regardless of concurrent maternal mood, executive control remains relatively stable, even with higher levels of maternal mood symptoms. With higher levels of concurrent maternal depressive symptoms, executive control of children with the genetic variants associated with reduced levels of intrasynaptic 5HT (at least one short allele for SLC64A) also appear unaffected. Thus, in the face of a mother with a more depressed mood, executive functions are best preserved in children prenatally exposed to SSRIs and with at least one short SLC6A4 allele, suggesting a developmental benefit associated with early altered 5HT signaling. These changes in serotonergic signaling, either directly associated with SSRI exposure or via allelic variations in SLC6A4, combined with exposure to maternal mood disturbances appear to possibly shape a capacity to adapt to a life with a depressed mother who was treated with an SSRI. In this sense, these findings offer explanation for some of the divergent findings, and a potential illustration of differential susceptibility (Belsky and Pluess 2009), whereby genetic variations serve as “plasticity genes” (in contrast to “risk genes”) that confer variations in susceptibility to a given environmental context (See also Chap. 13, Prenatal Programming of Postnatal Plasticity).

Timing of Prenatal SSRI Exposure
A common research approach has been to measure SSRI treatment and prenatal depressed mood only once during pregnancy, treating them as a solitary point of time exposure. As such, this approach fails to adequately account for the impact of variations in exposure that occur with time. The timing and duration of prenatal SSRI exposure may also influence children’s emotional, cognitive, and behavioral problems, though findings are conflicting. In an early report, Nulman et al. reported no differences in global IQ or language development comparing exposure during the first trimester vs across the entire pregnancy (Nulman et al. 1997). Lupattelli et al., using prospective longitudinal data comparing outcomes between controls with exposure to prenatal maternal depression but no ADM exposure, reported that SSRI exposure only during late pregnancy (28 weeks or more) (vs early or mid-gestation exposure) is associated with higher levels of anxiety/depressed behaviors in children at 5 years of age (Lupattelli et al. 2018). Importantly, prenatal exposure to SSRI’s per se, but not specific timing of prenatal exposure, is associated with higher anxiety at 18 months or 3 years of age (Lupattelli et al. 2018). While this study attempted to identify risk associated with mutually exclusive periods of gestational SSRI exposure, this approach was ultimately not able to account for unmeasured residual confounding related to maternal depression symptom severity or postnatal parenting. In contrast, in a retrospective national registry-based cohort study, Sujan et al. reported that maternal antidepressant use during the first trimester of pregnancy, compared with no exposure, was associated with a small increased risk of preterm birth, but not with higher risk for autism spectrum disorder, or attention-deficit/hyperactivity disorder, when accounting for measured pregnancy maternal and paternal traits, and all (unmeasured) stable familial characteristics shared by siblings (Sujan et al. 2017).

Numerous studies have used a variety of latent trajectory modeling approaches to describe exposure patterns (Cents et al. 2013; Letourneau et al. 2019; Park et al. 2018; Van Der Waerden et al. 2015). Differing patterns of maternal mood across perinatal periods and early childhood appear to have different influences on child behavior, such that even mothers with greater symptoms early in an infant’s life who show greater improvement over the course of 3 to 6 years postpartum have an equally beneficial impact as mothers whose mood remains stable and low (Park et al. 2018). While persistent exposure to maternal depressed symptoms across pre- and postnatal periods was associated with increased behavioral problems at school age, patterns of maternal symptoms over time may be more predictive of outcomes than single measures of depression levels at particular moments in time and highlight the importance of early and ongoing assessment and treatment which could have benefit long after pregnancy. Without multiple measures of patterns of stressors across prenatal and postnatal environments, we might not be able to identify factors that confer both heightened or even lower risk for adverse outcomes (Davis et al. 2007; Sandman et al. 2012).
Systematic Reviews and Meta-analyses
While observational and cohort studies are heterogeneous in design and comparisons between children with and without prenatal SSRI exposure remain at high risk for residual confounding (Morales et al. 2018; Rommel et al. 2020), recent attention has turned to systematic reviews and meta-analyses. However, these too have failed to report consistent patterns of child behavior associated with prenatal SSRI exposure (Morales et al. 2018; Rommel et al. 2020; Uguz 2018).

The heterogeneity of approaches used to determine exposure groups, to assess the impact of underlying variations in maternal mood symptom severity, and to determine confounding factors related to maternal mental illness continue to constrain the ability to identify SSRI-related specific outcomes. Without consistent methods of identifying maternal mood exposure groups (prenatal, postnatal, or concurrent, symptom severity), it remains difficult to draw conclusions about the impact of SSRI exposure on behavior (internalizing or externalizing) in early childhood. Adjustment for maternal mood appears to reduce some but not all of the magnitudes and/or presence of the association between prenatal SSRI exposure and child outcomes. Moreover, detailed approaches to identifying the impact of postnatal maternal mood on long-term behavioral outcomes during adolescence, in the context of everyday life with a depressed mother, remain largely unexplored. Regardless of whether we can identify ways that prenatal exposure to SSRIs contributes to increased anxiety in exposed children, we need to continue asking whether child behavioral symptoms represent typical variations in human behavior (i.e., those not above a clinical threshold) or are greater than expected for an offspring of a mother with a psychiatric illness. Namely, we need to continue asking whether outcomes we have associated with SSRI exposure just represent variations in human development or are truly a reflection of adverse outcomes.
Prenatal SSRI Exposure and ASD
The substantial increase in ASD incidence over the past 2 decades has led to a search for modifiable causes, and some researchers have examined the possible role of prenatal SSRI exposure. Approximately one-third of children with ASD have elevated 5HT levels, possibly suggesting that manipulations of in utero serotonergic signaling affect socio-behavioral development subsequently reflected as symptoms of autism (Kaplan et al. 2016). Early alterations in 5HT have been offered as a possible underlying etiological candidate (Hadjikhani et al. 2014) and given that 5HT plays a key role as a neurotropic signal during developmentally sensitive periods (Gaspar et al. 2003) and that SSRIs potentiate central 5HT, there has been a substantial search for links between prenatal SSRI exposure and ASD (Croen et al. 2011; Rai et al. 2013). However, SSRI treatment in pregnancy may also reflect the presence of more symptomatic forms of mood disorders and stress (Rai et al. 2013), thus, increased severity of maternal mood symptoms could conceivably influence early brain development which may also be more closely associated with increased rates of ASD than in utero exposure to SSRIs (Beversdorf et al. 2005; Kinney et al. 2008; Maes 2011; Onore et al. 2012; Rai et al. 2012). Our ability to distinguish maternal mood effects from pharmacotherapy remains a key challenge to defining an association between prenatal SSRI exposure and ASD.
Over the past decade, pharmacoepidemiological studies have attempted to determine whether there is an increased risk for ASD in children of depressed mothers treated with an antidepressant medication during pregnancy. Evidence supporting such an association remains inconclusive and key methodological constraints continue to limit our ability to account for the effect of key confounders such as variations in the severity of maternal depression, and genetic and environmental factors (Oberlander et al. 2017). As randomizing prenatal exposure to antidepressant medications to account for maternal mood and illness severity has not been possible, attention has turned to the use of population-level pharmacoepidemiological approaches to study the impact of these interrelated factors. Studies have reported associations between ASD and prenatal SSRIs (Boukhris et al. 2015; Clements et al. 2015; Croen et al. 2011; El Marroun et al. 2014; Eriksson et al. 2012; Gidaya et al. 2014; Grzeskowiak et al. 2013; Harrington et al. 2013; Rai et al. 2012; Sørensen et al. 2013), while others failed to report such associations (Hviid et al. 2013; Malm et al. 2016). Such variations in outcomes reflect differences in the nature of the data analyzed and veracity of behavioral diagnostic data, as well as key methodological approaches used to adjust for maternal mental health, levels of education, demographic characteristics, and comorbidities (Oberlander et al. 2017).
Large registry studies (Boukhris et al. 2015; Liu et al. 2017; Malm et al. 2016; Sujan et al. 2017) reported associations with ASD, however, this only remains when exposed children were compared with children born to mothers who have discontinued SSRIs before pregnancy or to unexposed siblings. Kaplan et al. detected an elevated risk for ASD in children when exposed to SSRIs during the first and second trimester, as well as during a preconception period (i.e., 3 months before last menstrual period), again raising questions of the potential influence of confounding by indication (Kaplan et al. 2016). This was further illustrated by Kobayashi et al. (2016) who reported that when the analysis was restricted to include only children who were born to women with psychiatric illness (i.e., comparing between an SSRI-exposed group and an SSRI unexposed group of mothers with psychiatric disorders), maternal SSRI exposure is no longer associated with increased risks of ASD. When accounting for maternal depression and sibling risk, Sørensen et al. (2013) reported that the increased ASD risk no longer remains significant, emphasizing concerns for confounding by indication (Clements et al. 2015; Sørensen et al. 2013). These findings again raise a critical question regarding the role played by maternal psychiatric disorders themselves, either via an environmental influence or genetic inheritance rather than directly related to in utero exposure to antidepressants.
Even in meta-analyses where significant associations between prenatal SSRI exposure and ASD risk are identified, the ability to account for maternal mental illness and use of other psychotropic medication ultimately remains limited (Brown et al. 2017; Kaplan et al. 2016; Kobayashi et al. 2016; Man et al. 2015). In another meta-analysis, increased ASD risk and maternal use of antidepressants during pregnancy is also identified, though these associations are more consistent when exposure occurs before conception rather than during pregnancy itself (Mezzacappa et al. 2017), again highlighting the importance of the underlying maternal psychiatric disorder. Using a systematic review (Mezzacappa et al. 2017) and a meta-analysis of studies of associations between ASDs and parental exposure to antidepressants, Mezzacappa et al. reported a more significant association between increased ASD risk and maternal use of antidepressants during the preconception period than during each trimester, again highlighting the role of maternal treatment before pregnancy rather during pregnancy.
Both inconsistent findings linking SSRIs with an increased risk for ASD and difficulty in disentangling associations with maternal mood from SSRI effects raise critical concerns whether casual associations between prenatal SSRI exposure and ASD can indeed be demonstrated (Oberlander and Zwaigenbaum 2017). Maternal depression and ASD risk may reflect genetic mechanisms, thereby rendering SSRI exposure as a secondary risk factor underlying the effect of maternal mood (either by means of genetic inheritance or an environmental influence). While genetic mechanisms could link maternal depression with ASD (Smalley et al. 1995; Tick et al. 2016), even population-based studies using stringent analytic approaches to isolate potential confounding factors (H. K. Brown et al. 2017; Sujan et al. 2017) remain limited and once again remind us that children of mothers with depression remain at increased risk for developmental disturbances.
Prenatal SSRI Exposure and Speech and Language Development
As altered communication is a key feature of ASD, speech and language development associated with SSRI exposure has been a separate focus of recent investigations. Evidence of altered language development following in utero SSRI exposure may already be evident during late gestation. At 36 weeks, fetuses exposed to SSRIs are able to discriminate between different vowel and consonant sounds, in contrast to non-exposed fetuses of non-depressed mothers who are able to discriminate between vowels but not consonants which would be expected at this developmental stage. This suggests an SSRI-related acceleration in language development (Weikum et al. 2012). These differences persist during the first year of infancy. Auditory speech and visual language discrimination were assessed among infants from non-SSRI-treated mothers with little or no depression at both 6 and 10 months of age. As expected, these control infants succeed at 6 months, but fail to respond at 10 months to non-native language. In contrast, SSRI-exposed infants fail to notice the language differences at either age, while the infants of depressed but not SSRI-treated mothers only succeed at 10 months, suggesting a developmental shift in language perception possibly reflecting an SSRI exposure-related acceleration in the closure of a critical period window for early language discrimination (Weikum et al. 2012).
Beyond infancy, the impact of SSRI exposure on language and speech development appears to persist across childhood (Brown et al. 2016; El Marroun et al. 2016; Handal et al. 2016). Prenatal exposure to SSRIs has been associated with long-term language alterations among 2.5 to 5 -year-old children (Johnson et al. 2016). Similarly, Brown et al. reported that prenatal SSRI exposure was associated with higher rates of speech and language disorders in 4-year olds compared to outcomes among unmedicated depressed mothers (A. S. Brown et al. 2016). Later in childhood, El Marroun et al. have also reported on delayed language development and reduced competency, in 7-year olds with prenatal SSRI exposure (El Marroun et al. 2016).
Importantly, exposure to maternal depression alone has also been associated with delayed language competence in 3-year-old children (Handal et al. 2016; Skurtveit et al. 2014), again reflecting the enduring and inherently tangled effect of maternal depression with the impact of its treatment with SSRIs. Progress to distinguish mood from SSRI effects is beginning to emerge using sophisticated design and analytic approaches that identify suitable control groups. In a recent population-level study, Singal et al. reported language and cognitive difficulties at kindergarten age in children of mothers treated with an SSRI during pregnancy, but even with a carefully identified control population of women diagnosed with a mood disorder not treated with an SSRI, they decreased but could not eliminate the effect of maternal mood severity and factors related to maternal comorbidity (Singal et al. 2020).
Prenatal SSRI Exposure and Early Brain Development and Imaging
Recent advances in neuroimaging offer novel approaches to identifying the impact of prenatal SSRI exposure on early brain development and illustrate ways to distinguish these findings from the impact of exposure to maternal mood disturbances (for review see Rotem-Kohavi et al. 2020). Electroencephalogram (EEG) has been used to examine the effects of SSRI exposure on newborn infant’s psychophysiology patterns during sleep, measuring Delta brush bursts – an early indicator of brain maturation in one study (Grieve et al. 2019), and interhemispheric, frontal, and cortico/subcortico synchronization in the other (Videman et al. 2016). In particular, infants with SSRI exposure, compared to infants of mothers with non-pharmacologically treated depression and to healthy controls, show increased duration of Delta bursts (Grieve et al. 2019). SSRI exposure is associated with lower synchronization between the subcortical and cortical layers, and with reduced frontal activation (Videman et al. 2016). However, these studies differed in terms of key approaches to determining exposure groups. Grieve et al. compared outcomes among SSRI-exposed infants with infants of depressed but not pharmacologically treated mothers and a control group of non-depressed and non-SSRI-treated mothers, whereas Videman et al. compared outcomes between SSRI-exposed and non-SSRI-exposed infants, controlling for maternal mood in post hoc analysis. Importantly, both of these studies identified altered EEG patterns associated with prenatal depression that appeared to differ from patterns associated with exposure to SSRIs (Grieve et al. 2019; Videman et al. 2016), though ultimately neither study could eliminate the possibility that findings also reflected interactions with maternal mood.
The impact of SSRI exposure on white matter has been studied, revealing contradicting findings (Jha et al. 2016; Lugo-Candelas et al. 2018). Jha et al. showed that prenatal SSRI exposure is associated with reduced white matter microstructure across different fiber pathways, but not with grey matter volumes (Jha et al. 2016). In contrast, Lugo-Candelas et al. reported that prenatal SSRI exposure is associated with increased white matter tracts between the insula and the amygdala and with greater grey matter volume (Lugo-Candelas et al. 2018). Importantly, these conflicting findings, yet to be fully understood, could be partly related to differing approaches for accounting for maternal mood. Whereas Jha et al. used a two-group design examine the independent contributions of prenatal SSRI exposure and of prenatal depression, Lugo-Candelas et al. compared infants who were prenatally exposed to SSRIs with infants of depressed mothers and healthy controls. While the latter three-group approach offers conceptual rigor to distinguish maternal mood effects from SSRI-related outcomes, it might erroneously assume that maternal illness or symptom severity is similar between the depressed and SSRI exposure groups.
MR imaging studies of functional connectivity have been used to disentangle mood from antidepressant effects (Rotem-Kohavi et al. 2019a, 2019b). In one study, resting-state functional connectivity data were obtained from three groups of newborn infants: infant exposed to SSRIs, infants exposed to prenatal depression with no SSRI, and control infants with no exposure. SSRI-exposed infants exhibited hyperconnectivity in the putative auditory network compared to the other two groups (Rotem-Kohavi et al. 2019b). Then, using a data-driven approach, graph theory analysis shows that not only the putative auditory network is hyperconnected, but that the ability of the primary auditory region to serve as a local hub in the network is also increased in SSRI-exposed compared to the depressed-only group (Rotem-Kohavi et al. 2019a). While a causal relationship cannot be determined, hyperconnectivity within the auditory network, together with higher hub values in the Heschl gyrus in SSRI-exposed infants, might provide a possible explanation for the accelerated onset of shifts in language speech perception observed in fetuses and infants exposed to SSRIs (Weikum et al. 2012). Early development of the auditory circuits which is not synchronized with adequate native language exposure, and cognitive skills, may eventually interfere with proper language development. In this sense, while an early accelerated language perception or hyperconnectivity in the auditory network might reflect an accelerated shift in neurodevelopment, this may also reflect a potential mismatch in timing of a critical developmental capacity that could have a lasting impact on language development. This has yet to be determined in humans.
Conversely, to the patterns observed in auditory regions a different pattern emerged in brain regions related to emotion regulation. Newborn infants of depressed mothers not treated with an SSRI exhibit altered hub values in the left anterior-cingulate, insula, and caudate as well as higher local hub values in the amygdala, compared to the healthy control group. Importantly, SSRI-exposed infants do not significantly differ from the non-exposed control group (Rotem-Kohavi et al. 2019a) raising an intriguing possibility that together with hyperactivation of the auditory network, SSRI exposure appeared to attenuate the effects of in utero exposure to prenatal depression on regions related to emotion regulation.
Ultimately the meaning of these neural imaging findings requires investigating links with developmental outcomes beyond the newborn period. Rotem-Kohavi et al. (Rotem-Kohavi et al. 2019a) examined relations between neonatal brain hub values extracted from resting-state fMRI at 6 days and infant temperament, measured using the Infant Behavior Questionnaire (IBQ) at 6 months of age. Using a data-driven approach, partial least squares regression showed that neonatal hub values predict over 10% of the variance of 6-month-old infant temperament. Lower levels of connector “hubbiness” in the right fusiform and right mid-cingulate regions (important for face processing) predict smiling behavior at 6 months, while connectedness levels in auditory regions are best predictors of orienting behavior. Interestingly, this pattern is more closely related to the pattern exhibited in SSRI-exposed and depressed-only groups than to the pattern exhibited in the control group.
These emerging neuroimaging findings appear to offer novel clues to how prenatal SSRI exposure might shape early microstructural and functional brain development in ways that differ from the effects of prenatal mood disturbances. However, current studies continue to be constrained by small sample sizes ranging between n = 10 (Grieve et al. 2019) and n = 27 (Jha et al. 2016) and variations in approaches to determining the impact of perinatal mood disturbances and the impact of postnatal stress. While neuroimaging findings offer promise as a possible approach to distinguishing ADM effects from the impact of prenatal maternal depressed mood, ultimately understanding the meaning of these differences in early brain development requires careful determination of exposure group status, analytic approaches that account for maternal mood symptoms (pre- and postnatal) and studies of the behavioral correlates beyond the first year of life (See also Chap. 9, Imaging and Structural Changes).
Beyond Pharmacotherapy: Developmental Outcomes Associated with Behavioral Interventions
Even if research advances to the point of being able to identify developmental outcomes specific to prenatal SSRI exposure and distinguish these from exposure to maternal depressed mood and other potential influences, another essential question is how these outcomes compare to outcomes following nonpharmacological treatment. Specifically, what is the relative effectiveness for the women of SSRI treatment compared to psychotherapy, and how do their offspring’s behavior outcomes compare. While answering these questions may require randomized clinical trials, to date such study designs have been challenged by the very nature of maternal depression during pregnancy, namely unpredictable variations in symptom severity and ethical concerns about randomizing medication exposures to pregnant women. Thus, we have been dependent on examining outcomes from the psychotherapy literature and drawing comparisons, where possible, to the SSRI literature. However, emerging evidence from randomized control trials comparing pharmacological and nonpharmacological treatment (e.g., (Molenaar et al. 2016)), may provide long-needed data on whether outcomes related to SSRI exposure differ from outcomes with nonpharmacological treatment.
In terms of psychotherapy for depression during pregnancy, researchers have tested either treatments that have been found to be effective for depression in general adult populations (e.g., cognitive behavioral therapy and interpersonal therapy) or have adapted treatments for depression during pregnancy (Dimdjian and Goodman 2009; Forsell et al. 2017; Loughnan et al. 2019; Ng et al. 2019). Goodman et al. (2018) meta-analytically reviewed studies of interventions for mood disturbances during pregnancy that also reported associations with the infant’s developmental outcomes. The review yielded 25 nonpharmacological interventions designed to treat or prevent depression during pregnancy that also had data on the offspring. Goodman et al. asked: to what degree are these interventions associated with reduced risk of infants’ outcomes that have been linked with depression exposure (Goodman et al. 2018). This meta-analysis revealed that both preventative and treatment interventions are beneficial in improving depressive symptoms of the mother with a medium effect size. Both approaches have a small but significant positive effect on neonatal neurobehavioral functioning (Brazelton) and dysregulation in infancy, with no significant difference in the effect sizes for treatment relative to prevention studies. Interestingly however, the degree of the impact of the intervention on the mother did not correlate with the level of improvements of the outcomes in the offspring (Goodman et al. 2018). These findings offer promise for nonpharmacological approaches to intervene and prevent poor mental health during pregnancy by promoting optimal child development without unintended consequences that may be associated with pharmacotherapy.
Based on these findings, we have evidence that psychotherapy shows benefits to mothers and to children. Further, these studies yielded limited evidence for iatrogenic effects of psychotherapy for depression in pregnant women on the children. Nonetheless, women and clinicians do not have data from direct comparisons of the two approaches, which would be needed to decide whether their depression might be more effectively treated by SSRI alone or, perhaps, in combination with psychotherapy, despite the potential consequences for the children. Below, we describe some promising new studies addressing these current limitations in our knowledge (Heinonen et al. 2018; Molenaar et al. 2016) (See also Chap. 20, Pre- and Perinatal Interventions for Maternal Distress).
Methodological Considerations and Future Directions
In spite of careful analytic approaches to identifying appropriate control groups, determining the impact of timing and duration of exposure remains highly interrelated, and teasing apart the impact of specific windows of exposure remains challenging. Importantly, brain development occurs across all trimesters and behavioral outcomes vary with the iterative nature of brain development and variations in developmental ontogeny of behavior. Moreover, maternal illness symptom severity and pregnancy-related stress may worsen in late gestation (O’Connor et al. 2002), again raising questions about whether the impact of timing of gestational exposure is a reflection of drug exposure at a critical period of brain development or merely represents the effects of gestational maternal mood disturbance.
While maternal mood disturbances (symptomatic or risk) are inherently a part of antidepressant therapy during pregnancy, accumulating evidence suggests that the underlying maternal mood disorder, rather than the antidepressant, accounts for associations between prenatal exposure and developmental outcomes (Rommel et al. 2020). This is not surprising as mood disturbances are highly inheritable (Anttila et al. 2018) and life with a depressed mother also confers ongoing risk long after birth for child depression and other child psychiatric disorders (Apter-Levy et al. 2013). Maternal mood disturbances during pregnancy have been independently associated with offspring’s poorer intellectual and language capacities, working memory (Buss et al. 2011), and with impulsivity and anxiety (Talge et al. 2007) in adolescence (Copper et al. 1996), and have been detailed (see Chap. 9 Prenatal Programming of Neurodevelopment). Importantly, maternal mood effects remain even after controlling for obstetric risk, psychosocial disadvantage, and often even after controlling for postnatal maternal mood. The magnitude of the effect is significant. For example, in terms of prenatal stress and anxiety specifically ~15% of emotional problems in childhood are attributed to these antenatal conditions and are independent of effects of mothers’ postnatal depression and anxiety (Talge et al. 2007). These findings support concern for, and raise critical questions about, the nature of the impact antenatal mood has on child behavior. However, identifying ADM specific effects is challenging given that randomizing antidepressant exposure in pregnancy remains constrained by ethical and logistical challenges. Thus, our ability to draw conclusions about specific risks associated with SSRI exposure remains limited to novel study design and stringent data analytic approaches to address “confounding by indication.”
A variety of stringent analytic methods have been used to identify comparison groups to address confounding by indication. Of note, high-dimensional propensity scores (HDPS), a data-driven approach has been used to identify unknown sources of confounding. This approach generates empirical proxies of factors that could possibly identify exposed and unexposed comparator groups and captures both known and unknown sources of confounding (Schneeweiss et al. 2009). Other approaches have identified suitable comparison groups using discordant sibling matches or mothers with a history of psychiatric disorders not treated with an SSRI in pregnancy, but discontinued SSRIs before pregnancy. Interestingly, while these approaches attenuate associations between SSRI exposure and child outcomes, confounding continues to contribute and even with optimal methods, there are limits to how successful confounding factors can be identified and controlled (Brown et al. 2016; Malm et al. 2016; Sujan et al. 2017).
While population-level data analysis offers large sample sizes that permit addressing confounding issues, they can be limited by the quality and level of detail of the exposure itself (i.e., misclassification of drug exposure), partial or categorical diagnostic measures (International Classification of Diseases (ICD) codes or physician billing data), and non-clinically validated developmental outcomes (Bickford et al. 2020). Moreover, the lack of measures of a range of symptom dimensional behavioral data frequently leaves questions about the generalizability. As maternal illness severity increases, the likelihood of prenatal treatment with an SSRI increases (Petersen et al. 2011), thus a comparison of outcomes associated with SSRI use before vs after conception may not be sufficient to account for variations in maternal symptoms that might underlie SSRI treatment. Beyond antidepressant exposure, accounting for symptom severity and patterns of symptoms during and after pregnancy (Park et al. 2018) is needed to address the role maternal mood plays in shaping associations with child behavioral outcomes.
To address confounding by maternal mood, recent attention has also turned to investigating novel study designs using both behavioral and pharmacotherapy (Milgrom et al. 2015; Netsi et al. 2015). In non-pregnant populations, combination treatment of behavioral and antidepressant therapy has shown promise (Cuijpers et al. 2010; Hollon et al. 2005) and similar approaches are underway during pregnancy:
Stop or Go
Molenaar et al. published a protocol for a study that is still in progress, comparing outcomes between continuation vs tapering SSRI dose with preventative cognitive therapy during pregnancy (Molenaar et al. 2016). In this protocol, non-symptomatic pregnant women treated with SSRIs will be recruited to the study and will be randomly assigned to one of two arms: “Stop” or “Go.” In the “Stop” arm women will receive guided tapering of SSRI within a period of four weeks, guided by a psychiatrist, and will receive a psychological, preventative cognitive therapy. In the “Go” arm, women will continue SSRI treatment as usual. Outcomes will include measurements of the number of relapses and assessment of mood symptom severity throughout pregnancy and during the first 12 weeks postpartum. Infant outcomes will include samples of meconium and breast milk at 12 weeks followed with a neurobehavioral assessment (Child Behaviour Check List) at 18 months. Molenaar et al. hypothesize that women from the “Stop” arm will not have an increased risk for relapses or for increased depressive symptoms and this will be associated with improved child outcomes compared to the “Go” arm. This protocol comparing discontinuing SSRI plus cognitive therapy versus continuing with SSRI alone has the potential to address whether women should or should not discontinue antidepressant treatment with an alternative nonpharmacological treatment. However, even in the SSRI group, only women with no symptoms will be recruited, thereby excluding non-responders who on the one hand could be more severely ill pregnant women and on the other hand might benefit from cognitive therapy. Such a symptom bias runs the risk of reducing the generalizability of the study findings.

MAGDALENA
In contrast to “Stop and Go”, Heinonen et al. proposed the use of a two-group study (SSRI or placebo) where pregnant women will be randomized to either sertraline combined with a 12-week period of an internet-based cognitive behavioral therapy (“iCBT”) treatment or placebo and iCBT (Heinonen et al. 2018). In this way, this novel approach to address the confounding effects of the underlying mood disturbances offers a way to simultaneously provide the potential benefit of behavioral therapy and pharmacotherapy. This unique study, however, aims to recruit women with moderate depression only and women with severe symptoms will be excluded (due to ethical constraints), thereby potentially limiting generalizability of their findings. In a variation on this design, Rommel and colleagues have suggested a trial design whereby women are randomized to antidepressant groups or replace antidepressants with cognitive therapy, to identify women for whom discontinuing antidepressant treatment will not increase the risk for relapse (Rommel et al. 2020).

These innovative study designs offer new interventions that could both improve maternal mental health and reduce developmental risk, enable identification of difference in impacts of both SSRI exposure and mental health and move us beyond “main effect” study designs that focus on SSRI-specific developmental adversity.
SSRIs are prescribed in pregnancy with the expectation that they improve prenatal maternal mood and health, and by extension improve fetal and neonatal outcomes and even confer a long-term benefit for children’s development. Evidence from animal models, where exposures can be randomized and controlled for, suggests that early changes in 5HT signaling might reverse the effects of prenatal stress (Bairy et al. 2007; Gemmel et al. 2016). In humans, indirect evidence may point to some benefit in infancy (Weikum et al. 2013b) and at school age (Weikum et al. 2013b), whereby prenatal SSRI exposure might act to “buffer” the child from adverse effects of otherwise undertreated depression in the mother (Rotem-Kohavi et al. 2019a; Weikum et al. 2012; Weikum et al. 2013b). With appropriate study designs and approaches to data analysis, questions of developmental benefit can be addressed.
Long after birth, the everyday environment also contributes to child functioning and untangling these factors from the in-utero exposure remains a critical methodological challenge in a human research study setting. Cohort studies remain small in size, limited in long-term follow-up, and often fail to include assessment of behavioral outcomes across multiple points in time and thus remain underpowered to examine the possibility that mediating or confounding factors might contribute to both adverse or even positive developmental outcomes. Low socioeconomic status, family instability, domestic violence, parental substance abuse, and child abuse are more common in the setting of chronic maternal depression, and their contribution to developmental outcomes needs to be addressed as we continue to identify SSRI-specific outcomes.
For some aspects of children’s functioning, it might be possible to identify a “main effect” associated with SSRI exposure. Yet, prenatal SSRI treatment is far from a solitary in utero exposure nor do long-term outcomes reflect invariant patterns of neurodevelopment. Over the course of childhood, prenatal SSRI exposure cannot by itself account for wide variations in developmental outcomes and the influence of maternal mood (both pre- and postnatal) becomes increasingly more prominent (Hanley et al. 2015; Park et al. 2018). Reliance on maternal mood symptom self-report and inconsistent assessments of postnatal maternal mood, environmental factors, paternal roles, and household context remain significant methodological issues that constrain our ability to disentangle SSRI-related effects from mediators that also presumably contribute to childhood behavior. Also, the very nature of child development may itself contribute to variations in outcome. The impact of prenatal SSRI exposure may only be evident across multiple behavioral domains and emerge as their age-dependent developmental capacity emerges across childhood (i.e., joint attention, behavioral inhibition, executive control). Further, repeated measures over childhood are needed to determine if the developmental capacity is truly absent, delayed, or even advanced.
Summary
To date, findings reporting the neurodevelopmental outcomes following prenatal ADM exposure often appear inconclusive, conflicting, or even contradictory. Comparisons between studies are often constrained by the diverse nature of study populations, study designs, measures of exposure, data analytic approaches, and developmental domains of interest. It remains unclear whether differences in outcomes are merely statistically significant differences between study groups, whether they represent clinically concerning behavioral disturbances or whether they just reflect individual differences that underlie typically occurring variations in child development. Identifying interactions between genetic and environmental factors may also elucidate why some, but not all, children are affected by prenatal SSRI exposure (Weikum et al. 2013a).
Despite the vigorous efforts to control for the confounding effects of maternal mental health (pre-, postnatal, and concurrent), treatment response, genetic inheritance and environmental influences, precise associations (and related mechanisms) between prenatal SSRI use and developmental outcomes remain to be determined. Whether developmental outcomes reflect a sustained effect related to in utero exposure to SSRIs or whether SSRIs represent a “proxy exposure” reflecting prenatal exposure to yet unidentified factors related to maternal mental health remains to be determined. It is equally possible that these findings reflect a failure of the antidepressant drugs to effectively treat maternal depression, which disproportionally increases development risk associated with perinatal maternal mood disorders. Importantly, studies to date increasingly show that, regardless of SSRI exposure, maternal mood continues to influence behavior across childhood. While this might be disproportionally more evident among children whose mothers were treated with SSRI during pregnancy, this may also reflect the impact of maternal illness severity and not SSRI exposure per se (Rommel et al. 2020).
Ultimately it might not be possible to distinguish the effects of maternal mood from antidepressants, and regardless of maternal SSRI treatment, development in children of depressed mothers treated with an SSRI during pregnancy remains disproportionality at risk. With this in mind, the key question then shifts from whether SSRIs increase the risk for behavioral disorders above the risk in the general population, to whether children of mothers with depression or similar illness severity and chronicity who were not exposed to SSRIs in utero are at a similar developmental risk compared with children of a mother treated with an SSRI (Oberlander and Vigod 2016). While clarity remains in the balance, for some women severely affected by prenatal depression, treatment with an SSRI might still be unavoidable or beneficial. Our understanding of the impact of maternal mood disturbances and SSRI exposure remains inherently interconnected by its very nature of depression as a chronic illness that spans across prenatal and postnatal periods. Thus, rather than searching for specific categorical outcomes among SSRI-exposed children, maternal mood becomes the exposure of interest rather than remains a persistent confounder. In this way, research can shift to focus on identifying a range of developmental outcomes that identify adversity as well as resilience, in children of depressed mothers who may have been treated with an SSRI in pregnancy.
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Introduction
Maternal distress is common during pregnancy, with well-established long-term effects on offspring neurodevelopment. Maternal distress connotes decrements in well-being, including negative emotional states (i.e., depression and anxiety) as well as pregnancy-specific and general stress (Huizink and De Rooij 2018). When described using the traditional Diagnostic and Statistical Manual of Mental Disorders (DSM) framework, one in ten women meets the diagnostic criteria for depression in pregnancy, and up to 20% have elevated depressive symptomatology (Ko et al. 2017). Similarly, in the prenatal period, 15% of women meet the diagnostic criteria for any anxiety disorder, while 18% to 25% have elevated symptoms of anxiety (Dennis et al. 2017). The experience of psychological stress during the prenatal period is even more ubiquitous. Psychological stress is defined as the “perception and evaluation of the potential harm posed by objective environmental experiences,” with elevated stress occurring when “environmental demands are perceived to exceed one’s abilities to cope” (Cohen et al. 1995, p. 6). In national surveys, psychological stress has been found to be more elevated among women than men and during the childbearing years versus later in life (Cohen and Janicki-Deverts 2012). Accordingly, a large percentage of pregnant women report experiencing at least “some” or “moderate” stress (78%), with an additional 6% endorsing more “severe” stress (Woods et al. 2010). Since pregnancy is a major life transition, pregnancy-specific stress is also common, with numerous studies reporting average pregnancy-specific stress scores in the moderate range (Ibrahim and Lobel 2019). Rates of these indicators of maternal distress in pregnancy vary considerably depending on the population, with the highest rates reported in subgroups exposed to environmental risk factors such as poverty, violence, and racism (Evans et al. 2001). There is evidence that conceptualization of maternal distress as a multifactorial concept is most effective in predicting neurodevelopmental outcomes, as there are both common and unique effects, and different types of stressors have different salience for diverse populations (Demir-Lira et al. 2016; Ibrahim and Lobel 2019; Turner 2013).
In addition to the implications of maternal distress during pregnancy for maternal well-being and risk for postpartum psychiatric disorders (Oates 2003), substantial evidence supports its inter-generational impact. There is a well-established relation between in utero exposure to maternal distress and neurodevelopmental vulnerability to mental health problems beginning early in life, with a meta-analysis showing strong associations between maternal distress in pregnancy and internalizing (k = 121, r = 0.23) and externalizing disorders (k = 111, r = 0.21) in children (Goodman et al. 2011). There is increasing evidence that these findings reflect disruptions in fetal neurodevelopment, as seen in specific alterations to the developing brain (Graham et al. 2019) and early life changes in negative emotionality and cognitive processes (Clark et al. 2016; Graham et al. 2019; Rasmussen et al. 2019; Rudolph et al. 2018), with longstanding implications for later mental health (Bale and Epperson 2015; Davis et al. 2018; Goodman and Gotlib 1999; Huizink and De Rooij 2018). Given the prevalence of maternal distress and its adverse impact on offspring mental health, which underlies human capital across the lifespan (Moffitt et al. 2013; Wakschlag et al. 2019), the development and implementation of timely and effective preventive and treatment interventions for maternal distress has considerable public health importance. Indeed, numerous psychological, psychosocial, and pharmacological interventions have been developed to prevent and treat prenatal depression, anxiety, and stress (Goodman and Gotlib 1999; Tandon et al. 2018). Most intervention studies have focused on maternal well-being, with secondary examination of infant outcomes (Goodman and Gotlib 1999). More recently, studies have been designed to employ prenatal intervention as an explicit means of supporting healthy offspring neurodevelopment (Davis et al. 2018; Wakschlag et al. 2019). As this is a promising new direction for the field, we here highlight this emergent body of work.
Conceptualization of Maternal Distress
Maternal distress during pregnancy involves a state of negative psychological well-being including symptoms of depression, anxiety, and pregnancy-specific and general stress (Huizink and De Rooij 2018). Although this multi-faceted conceptualization of maternal distress is gaining increasing traction in research, much of the extant science base has focused on specific domains of distress or clinical disorders (Bledsoe and Grote 2006; Sockol 2015). This is important foundational work, but provides relatively little information about unique and common pathways by which maternal distress may influence offspring neurodevelopmental outcomes. It is likely that common pathways exist through which multiple adverse prenatal conditions, including various types of maternal mental health symptomatology and experiences of stress during pregnancy, impact the developing fetal brain (Bale and Epperson 2015; Davis et al. 2018; Goodman and Gotlib 1999; Huizink and De Rooij 2018), as described in several previous chapters. For example, inflammation is heightened in association with heterogeneous in utero exposures such as psychosocial stress and previous trauma, with studies showing that a fetus exposed to a pro-inflammatory intrauterine environment is at increased risk for adverse neurodevelopmental outcomes (Entringer et al. 2015). This notion was echoed by Huizink and De Rooij (2018), who emphasized that multiple markers of maternal distress, as well as other stressors such as prenatal substance use and malnutrition, may all lead to the same offspring outcomes. These findings point to the need to broadly target maternal distress (and not just specific clinical diagnoses such as depression) during pregnancy in interventions to prevent offspring psychopathology.
Maternal Distress During Pregnancy and Offspring Mental Health-Related Outcomes
There is substantial evidence that maternal distress during pregnancy is associated with offspring behavioral phenotypes relevant to mental health. Such behavioral phenotypes are exhibited in terms of offspring symptomatology as well as key transdiagnostic risk factors. Offspring mental health symptomatology has been examined in numerous studies. In a review of all longitudinal studies of maternal distress in pregnancy and offspring outcomes, van den Bergh et al. (2017) found that maternal distress across various gestational ages was associated with increased risk of internalizing and externalizing symptoms, depression, anxiety, and conduct problems.
However, a major roadblock in the assessment of the association between maternal distress in pregnancy and offspring mental health-related outcomes is that a strict DSM framework has typically been applied to the measurement of offspring outcomes (Wakschlag et al. under review). Such a framework, which relies on diagnoses of specific psychiatric disorders, is often developmentally inappropriate for very young children and fails to capture early vulnerability patterns because of its focus on extreme behaviors. Further, relevant disorders focused on dysregulation (e.g., Disruptive Mood Dysregulation Disorder) preclude application in children under 6 years of age. This is of greatest salience for this new wave of studies designed to capture the effects of prenatal interventions on neurodevelopment, since measurement of effects should optimally be done as close as possible to the intervention (e.g., in infancy). Wakschlag et al. (under review) argue that the use of “developmentally based methods” and an emphasis on “transdiagnostic common pathways” best enable the detection of vulnerability to psychopathology early in life (p. 6). Such methods require markers of psychopathology that are developmentally meaningful and measurable early in life, and that also correspond with later clinical diagnoses. There is a convergent view, and others propose that emotion dysregulation, including irritability and nascent executive function, is an ideal umbrella construct of the “neurodevelopmental phenotype” for vulnerability to psychopathology (Beauchaine and Cicchetti 2019; Finlay-Jones et al. 2019; Wakschlag et al., under review) because it is measurable in early infancy, is correlated with most internalizing and externalizing disorders (Kotov et al. 2010; Nigg 2017), is linked to neural changes in the prefrontal area, Davis et al. (2018), and is impacted by exposure to stress early in life (Bhat et al. 2015; Clark et al. 2016; Davis et al. 2007; Sandman et al. 2012; Wiebe et al. 2015).
Negative emotionality is defined as a tendency toward easily elicited and intense negative emotions such as irritability, sadness, and anxiety, which underlies the emotion dysregulation that subserves early-onset clinical outcomes (Beauchaine & Cicchetti, 2019; Eisenberg et al., 2006). Irritability is a particularly salient feature of negative emotionality, as it is a transdiagnostic risk indicator for psychopathology and is measurable with brief surveys as early as infancy (Wakschlag et al. 2019). Maternal distress in pregnancy has been robustly linked with infant negative emotionality/emotion dysregulation (Bhat et al. 2015; Davis et al. 2007; Sandman et al. 2012), with this association not being fully explained by exposures such as postpartum distress (Davis et al. 2007). In turn, negative emotionality in infants and children has been shown in a meta-analysis to be associated with later mental health outcomes, including anxiety disorders (d = 1.92), depressive disorders (d = 1.33), and substance use disorders (d = 0.77) (Kotov et al. 2010). A key neurocognitive modulator of emotion regulation is cognitive control. Cognitive control, also characterized as effortful control in young children and as executive control in preschool and beyond, describes “the ability to flexibly adjust behavior in the context of dynamically changing goals and task demands” (Carter and Krug 2012, p. 89). Maternal distress is associated with decrements in children’s cognitive control (Clark et al. 2016; Wiebe et al. 2015), as well as broader measures of cognitive functioning such as IQ (Evans et al. 2012; Sandman et al. 2012), poor neonatal state regulation (Gerardin et al. 2011), and child attentional problems (Van Batenburg-Eddes et al. 2013; Van den Bergh and Marcoen 2004), even after accounting for postnatal factors. In their longitudinal study of 296 US children, Clark et al. (2016) showed that prenatal stress was associated with increased risk of poor executive control, which was on the path from infant temperament to disruptive behavior. Deficits in cognitive control are neurocognitive substrates of psychopathology, including internalizing and externalizing disorders (Nigg 2017). The association of negative emotionality and cognitive control with multiple psychiatric diagnoses is consistent with the broad hypothesized association between maternal distress and offspring psychopathology (See also Chap. 13. Prenatal Programming of Postnatal Plasticity).
The Role of Structural and Functional MRI for Advancing Understanding of Associations Between Maternal Distress in Pregnancy and Offspring Mental Health
Despite the strong evidence from epidemiological and other studies linking maternal distress and other adverse conditions during pregnancy with transdiagnostic risk factors and psychopathology in offspring, challenges remain in elucidating specific pathways of risk transmission and moving toward a causal understanding of these associations. Several of the preceding chapters review hypothesized biological mechanisms through which maternal distress during pregnancy can alter the developing fetus and subsequent risk of psychopathology. Given the rapid pace of fetal brain development, and the extent to which stress-sensitive aspects of maternal–placental–fetal biology guide neurodevelopmental processes (Buss et al. 2012a, c), associations between maternal distress during pregnancy and offspring mental health outcomes are not surprising. A growing body of literature has employed structural and functional magnetic resonance imaging (MRI) as a means of examining specific brain regions and systems which may be particularly vulnerable to exposure to heightened stress signaling during early periods of development and play important roles in mental health throughout the lifespan (Buss et al. 2012b; Graham et al. 2015). Such changes appear to extend beyond infancy into childhood (van der Knaap et al. 2018). For example, even after controlling for postpartum depression, prenatal depression is associated with a thinner frontal cortex among children (Lebel et al. 2016).
An important direction for this work has been the increasing use of MRI during early periods of development in order to increase capacity to differentiate associations with early exposures from subsequent influences, neurodevelopmental processes, and emerging symptomatology. On this premise, a burgeoning body of literature has employed prospective study designs and MRI with infants to document associations between maternal distress during pregnancy and differences in offspring brain development beginning soon after birth (Graham et al. 2015). Collectively, these studies have shown that maternal distress in pregnancy is associated with changes in hippocampal volumes at birth (Wang et al. 2018) and growth trajectories in the first 6 months of life (Qiu et al. 2013; Wang et al. 2018), as well as cortical thickness (Qiu et al. 2015), diffusion parameters (Rifkin-Graboi et al. 2015), fronto-limbic connectivity (Posner et al. 2016), and amygdala connectivity in neonates (Scheinost et al. 2016), as well as fronto-limbic anatomical changes in infants (Qiu et al. 2017). Many of these neural regions, particularly the prefrontal cortex and limbic regions, are those that contribute to the development of multiple forms of psychopathology (Davis et al. 2018) (See also Chap. 9. Prenatal Programming of Neurodevelopment).
Until recently, MRI studies have only been able to measure brain development among newborns, with the assumption that early measurement of brain development is not affected by other exposures such as postpartum maternal distress. However, a recent study by Wu et al. (2020) prospectively recruited 119 pregnant women from obstetric clinics in Washington, DC, and measured maternal stress, anxiety, and depression, with fetal brain MRI at 24 and 40 weeks’ gestation. The authors found that maternal anxiety and stress were significantly associated with increased fetal cortical gyrification in the frontal lobe and temporal lobe, while maternal depression was associated with decreased creatine and choline in the fetal brain. These data demonstrate that maternal distress is associated with accelerated fetal cortical folding as well as impaired hippocampal growth and brain chemistry, all detectable in utero and all associated with neurodevelopmental vulnerability to later behavioral problems. An accompanying editorial (Nelson 2020) noted that these findings demonstrate that not only is it possible to examine the impact of maternal distress on offspring brain development in utero, but that such examinations are necessary to understand the early consequences of maternal distress on fetal brain development (See also Chap. 4. Prenatal Programming in the Fetus and Placenta).
Most of these studies have focused on maternal distress based on maternal-reported perceptions of stress and symptomatology. However, recent work has also examined stress-sensitive aspects of maternal–placental–fetal biology, providing evidence for potential pathways through which maternal distress may influence offspring brain development. For example, Graham et al. (2019) showed that maternal cortisol levels during pregnancy were significantly associated with neonatal amygdala connectivity, with stronger connectivity in regions responsible for sensory processing and integration in female offspring and weaker connectivity in these regions in males. Among females, elevated maternal cortisol was also associated with higher internalizing problems, with stronger neonatal amygdala connectivity mediating this association. Examining markers of inflammation associated with maternal distress, Rasmussen et al. (2019) showed that maternal IL-6 concentrations across pregnancy were associated with variation in neonatal fronto-limbic white matter and cognitive development at 12 months of age. Likewise, Rudolph et al. (2018) showed that maternal IL-6 concentrations in pregnancy were associated with neonatal functional connectivity and working memory (an important part of executive functioning) at 2 years of age. Maternal cortisol levels and inflammation during pregnancy represent potential mediators for the effects of maternal distress on the developing fetal brain.
Interventions to Prevent and Treat Maternal Distress in Pregnancy
Given the consequences of maternal distress during pregnancy for mother and child, prevention and intervention efforts are receiving increasing attention. Treatment decisions for maternal distress in pregnancy are based on the nature of the disorder, symptom severity, prior response to treatment, and the resources, support, and wishes of the woman, and include pharmacological and non-pharmacological treatments, with non-pharmacological options including psychotherapy, mindfulness-based therapies, psychoeducation, and self-care. During pregnancy, the maternal brain is undergoing significant alterations (Barba-Müller et al. 2019; Hoekzema et al. 2017), along with the rapidly developing fetal brain. Treatments for maternal distress are therefore an important opportunity to impact both the maternal brain and the developing fetal brain at a time of great neural plasticity. At a health systems level, pregnancy is an opportune time to intervene, since many women are already well-connected with health care services during this time due to the frequency of prenatal care appointments. The focus of most studies examining the effectiveness of treatments for maternal distress in pregnancy has been on maternal symptomatology, with research showing that psychological interventions, and particularly cognitive behavioral therapy (CBT) and interpersonal therapy (IPT), are effective in reducing symptoms of prenatal depression and anxiety (Curry et al. 2019; Grote et al. 2009; Sockol 2015), and with less available evidence for other types of interventions (Bledsoe and Grote 2006; Davenport et al. 2018; Dhillon et al. 2017; Toohill et al. 2014). Fewer studies have examined the impact of such treatments on offspring psychopathology. However, we argue that increasing emphasis should be placed on the evaluation of interventions for maternal distress in pregnancy not only with regard to prevention and reduction of maternal distress, but also with a focus on offspring neurodevelopment and associated mental health outcomes.
Impact of Maternal Interventions on Offspring Mental Health-Related Outcomes
Several reviews have demonstrated the effectiveness of interventions for maternal distress for improving offspring symptomatology. These reviews focused on maternal depression rather than distress more broadly. Moreover, most examined perinatal interventions, without distinguishing between prenatal and postpartum interventions, included studies that were not designed a priori to alter offspring neurodevelopment. For example, in a meta-analysis of 9 randomized clinical trials (RCTs), Cuijpers et al. (2015) found that psychotherapy reduced maternal depression (g = 0.66) and improved offspring mental health (g = 0.40). In another meta-analysis, Goodman et al. (2018) reviewed experimental studies testing the impact of interventions to prevent or reduce maternal depression during pregnancy on infant and child outcomes. They identified 25 studies comprising a total of 27,342 participants, with studies ranging in size from 26 to 19,030 participants. Most studies examined the effectiveness of CBT (n = 8), with others examining therapy or counseling (n = 6), psychoeducation (n = 1), parent training (n = 1), and alternative therapies such as yoga (n = 9). Studies had either low (n = 21) or moderate (n = 4) risk of bias.
The results of Goodman et al.’s meta-analysis showed a small but statistically significant pooled effect size for the positive impact of these interventions on all child functioning constructs (g = 0.15, 95% CI 0.09–0.21, p < 0.001). Studies varied considerably with respect to the area of child functioning examined. The strongest effects were shown for reductions in infant dysregulation, a key transdiagnostic phenotype for early detection of mental health risk (Beauchaine and Cicchetti 2019; Finlay-Jones et al. 2019; Wakschlag et al. 2019). Two areas of functioning for which pooled effects could be calculated and which were statistically significant were Brazelton Neonatal Behavioral Assessment Scale scores (p = 0.008), which reflect neonatal adaptation to the extrauterine environment, and other measures of dysregulation (p = 0.002). Overall, the results suggested that receipt of interventions to prevent or reduce prenatal depression may have a positive impact on offspring neurobehavioral functioning.
Importantly, Goodman et al. found that both preventive (p = 0.001) and treatment interventions (p = 0.002) were significantly associated with improvements in child functioning, supporting routine screening and intervention efforts being applied to pregnant and postpartum women with mental health problems and those at risk for mental health problems (Goodman et al. 2018). This finding also provides support for research and practice increasingly focused broadly on maternal distress, as opposed to one specific mental health disorder or set of symptoms. In a meta-regression, the authors demonstrated that child age at assessment was a significant moderator, explaining 16% of the variance in the overall effect size associated with prenatal interventions and child outcomes (Qmodel = 7.29, df = 1, p = 0.007). This finding demonstrates that effect sizes for the interventions were larger at younger ages compared to older ages and suggests that prenatal interventions alone may not be sufficient for lasting results. Children may benefit from their mothers being engaged in routine repeated screening for maternal distress that leads to ongoing interventions when needed for optimal results on child outcomes (Goodman et al. 2018).
Such interventions during pregnancy are hypothesized to improve offspring outcomes through reductions in maternal distress and associated biological processes with potential to alter the developing fetus (Goodman et al. 2018; Wakschlag et al., under review). In their review, Goodman et al. found that interventions to prevent or treat depression in pregnancy had a medium effect size on prenatal depressive symptoms (g = 0.48, 95% CI 0.29–0.68, p = 0.001). However, the effect size of interventions for maternal depression did not predict the effect size of these interventions for child functioning (Goodman et al. 2018). Although the reasons for this finding are unclear, it may relate to the importance of considering maternal distress more broadly as opposed to focusing on symptoms associated with a specific diagnosis. Notably, no studies measured the extent to which changes in depressive symptoms among mothers mediated changes in child outcomes (Goodman et al. 2018). This gap in the literature highlights remaining interesting and important questions for future research regarding the mechanisms through which interventions for maternal distress during pregnancy may impact offspring development. Discovery of these mechanisms is highly relevant to advancing the understanding of how the prenatal environment influences the developing fetus.
Although studies examining offspring outcomes in childhood are important for establishing the long-term impact of prenatal interventions on offspring well-being, hypothesized biological mediators of such effects require further examination to advance understanding of potential causal mechanisms for these associations. In the systematic review by Goodman et al. (2018), no studies examining the effectiveness of preventive and treatment interventions for prenatal depression on child outcomes actually examined the hypothesized mechanisms by which prenatal depression may influence offspring neurodevelopment. These mechanisms may include the impact of interventions on maternal cortisol and inflammatory markers (Entringer et al. 2015), as well as other emerging pathways that play a role in guiding fetal neurodevelopmental processes, such as serotonin, intestinal microbiota, and epigenetic changes (Goodman et al. 2018). Future studies would benefit from the direct examination of such hypothesized biological mediators to advance specific causal models.
Moving the Dial: Interventions Designed to Alter Infant Neurodevelopment via Reducing Exposure to Maternal Distress During Pregnancy
Building on the robust associational evidence base, the field is now moving toward more explicit and mechanistic approaches designed to test whether reductions in maternal distress during pregnancy improve neurodevelopmental outcomes, using RCT designs. We here highlight this work because of its promise to generate a causal evidence base as well as to lay the groundwork for scalable preventive and treatment interventions that can reduce the adverse effects of exposure on offspring psychopathology risk at the population level.
Overview of Randomized Clinical Trials to Alter Neurodevelopmental Trajectories via Maternal Prenatal Distress Reduction
PHBP Wellness-4-2
In the Promoting Healthy Brain Project (PHBP), Wakschlag, and colleagues (under review) are conducting an RCT targeting reduction of maternal stress during pregnancy (Table 20.1). Wellness-4-2 is a Just-In-Time Adaptive Intervention (JITAI), which is a personalized adaptation of the well-validated Mothers and Babies prenatal distress reduction course (Muñoz et al. 2007). Muñoz et al. (2007) initially developed Mothers and Babies/Mamás y Bebés using a cognitive-behavioral mood management framework, with strong integration of concepts related to attachment theory, social learning, and socio-cultural issues. The goal of the intervention is to allow women to develop a healthy physical, psychological, and social environment for themselves and their infants, to prevent perinatal depression. The intervention was originally tested in a pilot RCT of 41 Spanish and English-speaking US women. The authors found a small effect size of the intervention (h = 0.28) in preventing postpartum depression, compared to treatment as usual (TAU). Subsequent studies found moderate (h = 0.38) (McFarlane et al. 2017) to large (h = 0.63) (Tandon et al. 2014) effect sizes in preventing postpartum depression in RCTs with racially and ethnically diverse women in home visiting programs. Acceptability data in the original study suggest participants appreciated and understood intervention content (Muñoz et al. 2007). Tandon et al. (2018) also showed high levels of acceptability in a cohort of 117 pregnant and postpartum clients seen one-on-one by home visitors.Table 20.1Overview of randomized controlled trials to prevent and treat maternal distress during pregnancy as a mechanism for reducing neurodevelopmental risks among offspring


	Intervention name
	Intervention type
	Intervention enhancements
	N
	Distress characterization
	Distress monitoring
	Intervention delivery
	Intervention evaluation

	Davis et al.: The MOMCare Project
	MOMCare: Brief interpersonal psychotherapy
	 	240
	Elevated depressive symptoms
	 	Pre-therapy engagement session, followed by manualized brief therapy
	Post-intervention, 6 and 12 months postpartum

	Graham et al.: MBCT-PD intervention
	Mindfulness-based cognitive behavioral therapy
	 	172
	History of an internalizing psychiatric disorder
	Surveys: 6 times during pregnancy (2 in early pregnancy, pre-, mid-, and post-intervention, late pregnancy)
	Baseline 20–26 weeks
	Post-intervention, late pregnancy, 6 weeks postpartum, 6 months postpartum

	Hair, blood, and urine: Pre and post
	8 weeks’ duration

	2 hour group sessions, 1 time per week

	Daily homework

	Wakschlag et al.: Promoting Healthy Brain Project (PHBP)
	Wellness-4-2: Mothers and babies (MB), cognitive behavioral therapy emphasis
	Mindfulness-enhanced
	100
	50% elevated perceived stress
	Surveys: Pre, immediate post, and 1 month later
	Baseline 20–28 weeks
	Immediate postnatal, 1 month later, and parenting follow-up assessments

	Personalized stress monitoring and feedback
	Ongoing: Ecological Momentary Assessment text messages (4 per day) and biosensors monitoring heart rate variability
	12 sessions

	Individually delivered





In their adaptation of this intervention, Wakschlag and colleagues posit that a stress reduction intervention that is tailored to mothers’ subjective, real-time experience of stress is most likely to alter fetal neurodevelopment. They are recruiting 100 diverse women, who are being randomized to either the Wellness-4-2 intervention (N = 50) or to a stress-monitoring comparison group (N = 50). The Wellness-4-2 intervention combines biological and self-reported measures of stress and tailored delivery of the Mothers and Babies course. Self-reported perceived stress information is collected via repeated text messages along with heart rate data, which are measured by continuous wearing of an unobtrusive electrocardiograph (ECG) biosensor (Biostamp). Using predictive analytics, they have developed an algorithm to combine these data into a biointegrated indicator of stress which guides tailored intervention feedback. Based on this stress threshold, women in the intervention group receive the JITAI content, which comprises customized prompts with intervention content including reinforcement of skills, self-monitoring, and reminders of homework tasks. Wellness-4-2 is delivered one-on-one with a trained provider via a flexible delivery mode and schedule and covers CBT topics related to pleasant activities, thoughts, and contact with others, as well as content focused on promoting maternal-child attachment. Brief mindfulness activities were integrated into the Wellness-4-2 version of Mothers and Babies to facilitate participants’ engagement in the intervention’s core CBT skills. Each session includes key points, learning activities that are interactive, and personal homework. Maternal assessments occur pre- and immediate- and one month-post intervention and across the first year of life (Table 20.2). Infant assessments occur neonatally, and at 3 and 12 months. Assessments include neural markers (MRI and electroencephalography [EEG]), neonatal and infant behavior, nascent executive function and cognition, dysregulation, parent-child interactions, and measures of clinically relevant behaviors.Table 20.2Overview of key self/(dys)regulation outcomes for mothers and infants in prenatal distress reduction randomized clinical trials


	Intervention name
	Timepoint
	Neural markers
	Executive function/cognition
	Questionnaire-reported (dys)regulation
	Observed parenting and parent-child interaction
	Symptomatology and other outcomes

	Davis et al.: The MOMCare Project
	Mother: Longitudinally during pregnancy and 12 months
	 	 	 	 	Edinburgh Postnatal Depression Scale

	Infant: Neonatal, 6, and 12 months
	Diffusion tensor imaging
	Cognitive control via eye tracking, observation, and maternal report
	 	 	Multiple infant psychopathological symptoms

	EEG/ERP
	Negative emotionality via eye tracking, observation, and maternal report
	Cortisol levels

	Resting state fMRI

	Structural MRI

	Graham et al.: MBCT-PD intervention
	Mother: 6 weeks and 6 months postpartum
	Resting state fMRI
	Stroop task
	Emotion Regulation Questionnaire
	Still Face Paradigm
	Beck Anxiety Inventory

	Structural MRI
	Emotional regulation task
	Distress Thermometer
	Free Play
	Center for Epidemiologic Studies Depression Scale

	Task-based fMRI (6wks)
	Perceived Stress Scale
	Clinical Global Impression scale

	Pregnancy Distress Questionnaire
	Structured Clinical Interview for the DSM-V internalizing modules

	Infant: Neonatal and 6 months
	Resting state fMRI (neonatal)
	 	Infant Behavior Questionnaire
	Ages and Stages Questionnaire

	Structural MRI
	Infant Crying Patterns
	Bayley Scales of Infant Development

	Infant Sleep Questionnaire

	Multi-method assessment of negative emotionality and emotion regulation

	Wakschlag et al.: Promoting Healthy Brain Project (PHBP)
	Neonatal, 3 and 12 months
	Diffusion tensor imaging
	A not B task
	Infant Behavior Questionnaire
	Disruptive Behavior Diagnostic Observation Schedule
	Infant–toddler

	Social and Emotional Assessment (12 months)

	EEG/ERP power, coherence, and mismatch negativity
	Goal Prediction Speed Paradigm with eye tracking
	Irritability
	Mindful parenting observation
	Patient-Reported Outcomes Measurement Information System Early Childhood Scales

	Resting state fMRI
	Multidimensional Assessment of Profile of Disruptive Behavior
	Parent Clinical Observation Schedule (3 and 12 months)
	Family Life Impairment Scale

	Early Childhood Irritability-Related Impairment interview

	Structural MRI




MBCT-PD
Graham and colleagues plan to test the effectiveness of a mindfulness-based cognitive therapy (MBCT) intervention in reducing maternal distress during pregnancy in order to influence offspring limbic-prefrontal brain systems (Table 20.1). MBCT was first adapted for use with perinatal depression (MBCT-PD) by Dimidjian et al. (2016) because it has been well-validated as a preventive intervention for depression relapse in the general population (Kuyken et al. 2015; Piet and Hougaard 2011). MBCT uses a unique combination of mindfulness strategies and CBT techniques. This approach is based on the concept that individuals with a history of depression are vulnerable to relapse in periods of stress because emotion–cognition associations that were present in past episodes of depression are reactivated. Mindfulness strategies are used to increase awareness of such thoughts and feelings, while CBT techniques allow individuals to develop the ability to understand depression and take action. In a pilot RCT of 86 women in the USA, Dimidjian et al. (2016) showed that the MBCT-PD intervention resulted in significantly improved depressive outcomes compared to TAU. The rate of postpartum depression relapse in the MBCT-PD group was 74% less than in the TAU group during the entire study period, with postpartum relapse rates being 4.6% for the treatment group and 34.6% for TAU. Participants in the MBCT-PD group also reported lower levels of depressive symptom severity across the post-baseline period (d = 0.72).

In their study, Graham and colleagues are recruiting 172 pregnant women (N = 86 MBCT-PD and N = 86 TAU) with elevated risk for psychological distress as indicated by a history of an internalizing psychiatric disorder. This diagnostic history ensures women have experienced psychological distress over a sustained period of time in their lives. In contrast, current distress ratings can vary significantly over time, particularly in early pregnancy. The screening process involves the completion of online questionnaires, followed by a Structured Clinical Interview for DSM-5 and cognitive testing for potentially eligible participants. Similar to prior studies of MBCT-PD, additional criteria include no current diagnosis of a substance use disorder, manic episode, or major depressive episode. Women in the intervention group receive weekly 2-hour group sessions for 8 weeks, along with audio/DVD-guided resources for home practice (Dimidjian et al. 2016). Groups are closed and include 3 to 8 women. All women in the MBCT-PD condition will initiate a group between 20 and 26 weeks gestation. Cognitive and mindfulness strategies will be taught and practiced in order to increase awareness of psychological distress and capacity to employ skills to regulate distress. The intervention is experiential, involving the active practice of mindfulness exercises and cognitive strategies in each session and in home practice. The intervention protocol also emphasizes maternal attachment and support through examples, mindfulness practice, and contextualizing skills for the prenatal and postpartum period. Women who miss group sessions will have the option to receive the content via telephone. Women in TAU receive usual prenatal care services, including access to classes and mental health services available locally. At 6 months postpartum, the TAU group is also offered a 2-hour mindfulness psychoeducation session that introduces the concept of mindfulness included in the full MBCT-PD curriculum and includes several brief mindfulness activities, and is provided a copy of the MBCT-PD workbook by Drs. Dimidjian and Goodman (2019). Maternal psychological distress will be measured repeatedly during pregnancy due to the likely relevance of the trajectory of symptoms for the rapidly developing fetal brain (Table 20.2), with postpartum follow-up. Questionnaire assessments cover symptoms of depression, anxiety, general and pregnancy-specific stress, and potential protective factors such as social support. Maternal brain structure and functioning will be assessed, along with maternal biological samples to allow for measurement of immune and endocrine factors relevant to maternal mental health, pregnancy, and fetal brain development. Offspring brain outcomes will be measured with multimodal MRI in the neonatal period to increase capacity to differentiate between pre- versus postnatal influences on the developing brain. Ongoing assessment of infant development will cover the domains of negative emotionality, stress reactivity and regulation, emerging emotion regulation skills, and cognitive development, and will include laboratory-based assessments, parent questionnaires, and biological samples.
MOMCare
Davis et al. (2018) are testing the effectiveness of MOMCare (Grote et al., 2015), a culturally relevant, collaborative care intervention that leverages brief IPT to improve depressive symptoms in pregnant women (Table 20.1). The intervention was developed by Grote et al. (2015) based on previous research demonstrating the effectiveness of brief IPT in treating perinatal depression (Grote et al. 2009) and of collaborative care models in treating depression in primary care settings (Katon et al. 1996). In an RCT of a socioeconomically disadvantaged group of 168 pregnant women from diverse cultural backgrounds in the USA, Grote et al. (2015) demonstrated that MOMCare resulted in higher depression remission (effect size: 0.36) and lower depression symptom severity (effect size: 0.35) across the 3-, 6-, 12-, and 18-month follow-ups, compared to enhanced TAU. The intervention also had a positive effect on generalized anxiety.

In the MOMCare study by Davis and colleagues, 240 pregnant women in the USA from diverse backgrounds who have elevated depressive symptomatology (as measured by Edinburgh Postpartum Depression Scale scores >9) will be included (N = 120 MOMCare and N = 120 enhanced TAU). Women in the intervention group will receive a manualized pre-therapy engagement session to address and resolve logistical, cultural, and emotional barriers to therapy. The intervention group will receive a manualized brief IPT, which will comprise eight psychoeducation and interpersonal skill-building sessions to increase support and decrease conflict. Women will receive education about the association between feelings and interpersonal interactions and will be taught how to communicate and interact effectively with different people in their lives. A collaborative approach to care will be applied, wherein women in the trial may elect to take antidepressant medications while enrolled, based on their preferences and in collaboration with a consulting psychiatrist or maternal fetal medicine specialist. Women in the intervention group will be compared to those receiving enhanced TAU, which will include mental health monitoring and referrals to mental health services (including pharmacological and psychological interventions, but not interpersonal therapy), as needed. Maternal assessments will occur from the prenatal period until 12 months postpartum, with infant assessments in the neonatal period and at 6 and 12 months (Table 20.2). Measures include maternal depressive symptomatology, neonatal brain development, and neonatal and infant physiological stress regulation, negative emotionality, and cognitive control. Neonatal assessments will allow for the direct evaluation of the intervention on fetal neurodevelopment, while parenting, maternal postpartum mood, and context will be taken into account for later infant outcomes.
Commonalities
These three studies share a number of commonalities regarding the focus and design of their interventions as well as their specific outcomes that suggest that there are core elements driving the future of research in the area of maternal distress. Importantly, all three interventions use techniques designed to reduce maternal distress broadly, rather than focusing on a specific diagnostic syndrome. This focus is consistent with evidence suggesting various types of maternal distress are co-occurring and are broadly associated with offspring psychopathology. In doing so, all studies leverage existing, established interventions for preventing and treating maternal distress in pregnancy and include a specific focus on pregnancy and parenthood to increase acceptability and adherence by tailoring the intervention to the target population. The interventions also focus on CBT, IPT, and/or mindfulness techniques, all of which have been shown more broadly to be effective in reducing distress in the perinatal period (Bledsoe and Grote 2006; Kim et al. 2014; Schramm et al. 2008; Sockol 2015). By broadening the perspective on the mechanism and tailoring established interventions, these studies allow new light to be shed on the ways to target and reduce maternal distress.
Critical to understanding the impact of reductions in maternal distress on fetal development is the use of experimental design, as all three studies employ an RCT design to provide robust evidence for ease of causal inference. While animal models provide experimental evidence regarding the extent to which maternal distress during pregnancy plays a causal role in relation to offspring psychopathology, most research in humans has relied on observational studies. Evidence suggests there are common pathways that exist through which multiple forms of maternal distress in pregnancy impact the developing fetal brain, including via elevated cortisol and inflammatory mechanisms (Bale and Epperson 2015; Davis et al. 2018; Goodman and Gotlib 1999; Huizink and De Rooij 2018). Innovative to the current trio of studies is the focus on early markers of infant brain development consistent with Wakschlag et al.’s Mental Health, Earlier roadmap (2019), which calls for the identification of mental health risks as early as possible in the clinical sequence, beginning prenatally. This concept draws from an understanding that targeting neurodevelopmental vulnerability to psychopathology at its origins will be more effective in preventing later offspring mental health problems than waiting to treat the frank clinical disorder. All three studies focus on the hypothesized mechanistic pathways through which maternal distress can impact the developing fetal brain and neurodevelopmental vulnerability to psychopathology, with an emphasis on brain-behavior markers of early dysregulation. As described earlier in this Chapter, these constructs are measurable at birth, are correlated with most internalizing and externalizing disorders (Kotov et al. 2010; Nigg 2017), are linked to neural changes in the prefrontal area (Davis et al. 2018), and are impacted by exposure to stress early in life (Bhat et al. 2015; Clark et al. 2016; Davis et al. 2007; Sandman et al. 2012; Wiebe et al. 2015).
Unique Elements
To understand the diversity of maternal distress experiences and impact, it is critical for the three intervention studies to have unique elements, as this allows for deeper understanding of the factors that influence both mother and child. In both research and clinical practice, there is a need to engage families with diverse socioeconomic backgrounds and race/ethnicity. A challenge in studies of maternal distress in pregnancy is that recruitment occurs during the prenatal period, and families who have experienced institutional racism and other forms of bias may be skeptical about participating in research. The MOMCare study by Davis and colleagues has the unique goal of addressing logistical and cultural barriers to therapy, as the intervention explicitly addresses such barriers in its design. The relevance of recruiting a culturally diverse sample is critical given that few neuroimaging studies have focused on this issue, which could introduce bias and decrease the generalizability of current findings. MOMCare is also a particularly unique intervention given that it is therapy-based (i.e., focused on treatment) with a collaborative approach to care, whereas the other two studies are preventive interventions. The collaborative approach of MOMCare also increases the real-world applicability of the study.
Further innovation is shown by the PHBP Wellness-4-2 study, as it conceptualizes perceived stress via maternal self-report and biosensor technology to develop a personalized intervention to reduce maternal distress during pregnancy. Wakschlag and colleagues are examining perceived stress utilizing bio-integrated stress monitoring to provide the first mechanistically oriented intervention that uses maternal stress signals for tailoring as a means of real-time intervention to improve the gestational environment. Biosensing data are paired with ecological momentary assessment data from daily text message surveys that participants respond to regarding their perceived experience of maternal distress. Utilizing machine learning algorithms to determine a “threshold” for stress, participants receive JITAI to address the “dynamically changing needs of individuals via the provision of the type/amount of support needed, at the right time and only when needed” (Nahum-Shani et al. 2014, p. 2). The rapid increase of mobile and sensing technologies taken up in health behavior intervention research can be leveraged in this context because repeated personalized action can be taken based on real-time information (Nahum-Shani et al. 2014). Wellness-4-2 is the first JITAI intervention specifically designed to improve fetal brain development and early childhood outcomes using a tailored prenatal preventive intervention.
A third distinction in the three studies is their use of innovation to further current understanding of the impact of maternal distress in pregnancy. The MBCT-PD study by Graham and colleagues uses an “off the shelf” intervention, which has evidence supporting its efficacy in reducing maternal distress during pregnancy and emerging postpartum psychopathology (Dimidjian et al. 2016). The innovation lies in employing the existing intervention in a novel way to test its impact on infant neurodevelopment. First, the study tests theoretically and empirically derived hypotheses about the extent to which intervention-induced reduction in maternal distress during pregnancy leads to alterations in neonatal brain systems tightly linked to the transdiagnostic risk factor of heightened negative emotionality. The study employs state-of-the-art neuroimaging acquisition and processing tools to increase capacity to detect individual differences in emerging brain systems at this young age, including the extended sampling of resting-state functional MRI data. Second, the study examines intervention effects at the level of maternal brain structure and functioning, reflecting the current understanding of pregnancy and the postpartum period as times of heightened neural plasticity for women (Mackiewicz Seghete et al. 2020). Consistent with this emphasis on plasticity in both the maternal and developing fetal brain, mechanisms of action are examined at the level of mother and infant. Specifically, improvements in emotion regulation and cognitive control will be tested as potential mechanisms through which MBCT-PD reduces maternal distress during pregnancy and risk for emerging postpartum psychopathology. These constructs are measured through multimethod assessment involving self-report, behavioral testing, and task-based functional MRI paradigms. Mechanisms of action through which the intervention can influence infant outcomes focus on stress-sensitive aspects of maternal–placental–fetal stress biology which play obligatory roles in fetal brain development, including inflammation and cortisol. These are assessed through blood draws and hair samples obtained from women pre- and post-intervention during pregnancy and the early postpartum period. This study stands to advance understanding of prenatal influences on neurodevelopment from an experimental and mechanistic standpoint.
Preliminary Findings
PHBP Wellness-4-2
Wakschlag, Tandon, and colleagues (2019) conducted a pilot study of 17 women to test the feasibility and acceptability of the Wellness-4-2 personalized prenatal intervention, with a 76% full completion rate. Pilot participants received the 12 sessions of the adapted Mothers and Babies prenatal distress reduction course, which has options to attend sessions both in-person (average of 4.5 in-person one-on-one meetings with an interventionist) and via telephone (average of 7.5 telephone sessions). During the intervention period, participants received 5 ecological momentary assessments via text message per day to assess their perceived stress based on the Perceived Stress Scale (Cohen et al. 1983), responding on average to 47% of the texts. Pilot participants also wore the Biostamp sensor for an average of 5.1 hours (SD = 2.7 hours) per day. Upon completion of the pilot, participants were asked to provide feedback regarding the Biostamp using the User Burden Scale (Suh et al. 2016), with responses indicating that they found using the Biostamp to be low burden and had high levels of comfort with it; 60% would be likely to wear the Biostamp again during daily activities. With regard to the Mothers and Babies sessions, participants reported that 96.8% of the skills they used were somewhat to very helpful and somewhat to very enjoyable to engage with. Based on participant feedback from surveys and an exit interview, adaptations were made to the PHBP Wellness-4-2 RCT to decrease participant burden (e.g., reduction in the number of daily ecological momentary assessments).

MBCT-PD
Graham, Mackiewicz Seghete, and colleagues conducted a pilot study of MBCT-PD including neuroimaging of mothers and infants (N = 14). Results indicated good adherence to the intervention with 80% of participants assigned to the intervention condition completing the intervention and 100% of participants who attended one intervention session completing the rest of the intervention. Importantly, the majority of participants (N = 13) consented to participate in both the maternal and infant neuroimaging sessions, indicating the acceptability of this translational aspect of the protocol. Responses on the Client Satisfaction Questionnaire (Attkisson and Zwick 1982) indicated a high level of acceptability for intervention such that mean scores for the MBCT-PD group were significantly higher than TAU (U = 1.500, p = 0.008). Qualitative feedback from participants in the MBCT-PD group revealed a high level of enthusiasm and commitment to engaging in all aspects of the intervention. Women reported that the intervention felt highly relevant to them and useful for managing stress during pregnancy and postpartum. Initial results in this small sample indicated improvements in maternal emotion regulation in the early postpartum period for women receiving the intervention versus TAU.

Challenges and Next Steps
Several challenges are evident from these studies, related to screening and identification of maternal distress, conceptualization of offspring outcomes, and the mechanisms by which interventions may impact outcomes, and implementation of interventions in a real-world context.
Screening and Identification of Maternal Distress
Intervening on maternal distress requires the identification of women who could benefit from intervention. However, current screening guidelines have two major limitations in this context. First, while the US Preventive Services Task Force (O’Connor et al. 2016), American College of Obstetricians and Gynecologists (2010), and American Academy of Pediatrics (Earls et al., 2019) recommend universal screening for depression at least once in the perinatal period, similar recommendations have not been made for maternal distress more broadly. This means that many women experiencing distress in pregnancy may go unidentified, with potential implications for both maternal mental health and offspring neurodevelopment. Without screening, many women with high levels of depression, anxiety, and stress in pregnancy are not recognized by their health care providers, with rates of under-diagnosis being higher in pregnancy than at other points in a woman’s life (Ko et al. 2012). For example, in a US study of 375 pregnant and 8657 non-pregnant women 18–44 years of age, major depressive episodes went undiagnosed in 65.9% of pregnant women compared to 58.6% of non-pregnant women (Ko et al. 2012). When a validated screening tool is used to screen for prenatal depression and anxiety, the rate of accurate diagnosis increases (Des Rivières-Pigeon et al. 2004; Nath et al. 2018). Routine screening for prenatal depression and anxiety has been found to be superior to the use of clinical judgment alone (Avalos et al. 2016) and also results in the reduction of stigma and other barriers to mental illness diagnosis and treatment (Burton et al. 2011). Routine screening for maternal distress more broadly would be expected to have similar benefits.
A second limitation of current screening guidelines is that there is no accurate screening tool to identify women at risk for maternal distress in pregnancy and for whom preventive interventions could be beneficial (Curry et al. 2019). In the US Preventive Services Task Force Recommendation Statement on Interventions to Prevent Perinatal Depression, for example, it is suggested that, based on evidence from systematic reviews, high-risk groups may be those with a history of mental health problems, with current subclinical symptomatology, or with socioeconomic or psychosocial risk factors for onset or recurrence of distress, including poor social support and stressful life events (Lancaster et al. 2010). However, screening based on these factors rather than using a validated tool requires expertise and time, reducing the pragmatism of these recommendations. Finding an optimal tool to screen for maternal distress in pregnancy is also complicated by the breadth of symptoms. With symptoms of not just depression, but also anxiety and stress all being associated with adverse offspring outcomes, using one measure might not be optimal. To improve the efficiency and effectiveness of interventions for maternal distress, more work needs to be done to identify subgroups of women who could benefit most from these interventions.
Conceptualization of Offspring Outcomes and Mechanisms by Which Interventions Impact Them
Mental health frameworks are not usually applied to infants. As discussed earlier in this Chapter, a strict DSM framework has typically been applied to the measurement of offspring psychopathology (Wakshlag et al. under review). However, the diagnosis of specific psychiatric disorders is not possible before 6 years of age. Reliance on the DSM framework has several limitations in the context of intervention development, including the requirement to follow participants for several years—and sometimes decades—to establish associations between prenatal exposures and specific DSM diagnoses. Moreover, DSM disorders are not specified in a way that facilitates linkage with specific markers of brain development that may serve as early indicators of neurodevelopmental vulnerability. Identification of targets for preventive and treatment interventions at the earliest phase of the clinical sequence requires measurement of risk phenotypes as close to birth as possible before environmental exposures can exert their effect (Wakschlag et al. 2019). The interventions described herein highlight the importance of leveraging developmentally sensitive neurobehavioral methods to characterize early risk factors for offspring psychopathology from birth. This requires the transdiagnostic approach used in these studies, with dysregulation the most promising neurodevelopmental risk phenotype.
Mechanisms explaining the impact of maternal distress on fetal brain development are poorly understood in humans. To date, much of this research has used animal models. Analysis of cord blood and placental tissue samples offers an important opportunity to directly study these mechanisms in humans. However, such analysis requires close collaboration between researchers and clinicians, given the time-sensitive nature of collecting and processing samples. Analysis of inflammatory and immune mechanisms (Entringer et al. 2015), neuroendocrine markers, intestinal microbiota, and epigenetic changes (Goodman et al. 2018) offers opportunities for future research.
Few studies have actually tried to demonstrate whether improving the fetal environment will reduce the risk of offspring psychopathology. In Goodman et al.’s review (2018), no studies examining the effectiveness of preventive and treatment interventions for prenatal depression on child outcomes actually examined the hypothesized mechanisms by which prenatal depression may influence offspring neurodevelopment. One study, of a massage therapy intervention, proposed that offspring outcomes would be benefited via increases in dopamine and serotonin and decreases in cortisol and norepinephrine. However, although stress hormone levels were measured, the authors did not specifically test mediation (Field et al. 2004). As in the studies highlighted in this chapter, future studies would benefit from direct examination of such hypothesized biological mediators to advance specific causal models.
Implementation of Interventions in a Real-World Setting
The interventions examined herein will not have broad impact if they cannot be incorporated into routine prenatal care and other services offered to pregnant women, such as home visiting programs. This will involve consideration of different prenatal care models, some of which may be more amendable to incorporating intervention (e.g., family medicine versus obstetrics versus midwifery versus Centering Pregnancy). As part of implementation in care, decisions will need to be made about what level of intervention is needed and for whom. Stepped models of care, wherein the most effective, and least resource-intensive intervention is offered first, with a “step up” to more intensive or specialist services only when required based on the woman’s level of distress, may be useful in this context. It is also unclear from previous and current research whether the same interventions will benefit both the mother and infant. Mechanisms of action and therefore impacts may be different for the mother and her offspring. This may also relate to the timing of the intervention due to the rapid pace of fetal and infant brain development and co-occurring changes in the maternal brain during pregnancy and postpartum.
Implementation of maternal distress interventions in a real-world setting is also complicated by issues related to poverty and race/ethnicity. Rates of maternal distress in pregnancy vary considerably depending on the population, with the highest rates reported in subgroups exposed to poverty and racism, as well as other environmental risk factors such as violence (Evans et al. 2001). However, these groups, who have often experienced institutional racism and other forms of bias, may be particularly hesitant about participating in clinical interventions. The MOMCare study by Davis and colleagues explicitly tries to address logistical and cultural barriers to therapy in its design. More interventions will need to take this approach, using evidence-based, culturally appropriate techniques, to improve equity and reduce barriers to care.
Conclusion
Much of the existing literature on pre- and perinatal interventions for maternal distress in pregnancy has focused on the treatment of specific clinical disorders such as depression and anxiety, and on maternal outcomes rather than altering adverse gestational environments and their concomitant neurodevelopmental impact. This literature has demonstrated the effectiveness of various pharmacological treatments and non-pharmacological options including psychotherapy, mindfulness-based therapies, psychoeducation, and self-care. However, this research is limited by a narrow conceptualization of maternal distress which misses a broader population of women in need of intervention. Robust evidence shows that maternal distress in pregnancy, broadly conceptualized, is linked to neurodevelopmental vulnerability to psychopathology at the brain and behavioral levels from early in life, as shown by fetal and neonatal changes in hippocampal volume, cortical thickness, fronto-limbic and amygdala connectivity, and emotion dysregulation that subserve multiple forms of psychopathology. It is exciting to observe the convergent translational efforts to demonstrate that these processes are malleable to intervention. It is very promising that the three experimental studies reviewed in this chapter are so well-aligned with theoretical frameworks in their integration of developmentally sensitive brain and behavioral methods. These interventions leverage CBT, IPT, and/or mindfulness techniques, all of which have demonstrated effectiveness for treating maternal depression and anxiety, to reduce maternal distress in pregnancy and subsequently examine their effects on relevant offspring neurodevelopmental outcomes measured early in life using MRI and other novel developmentally sensitive methods. Their common elements rely on the improvement of coping and stress reduction. An important next step will be to compare neurodevelopmental effect sizes of these varied approaches, including whether personalization has added value. Larger, population-based trials, with an emphasis on scalability and the use of optimization methods that identify “what works for whom”, will ensure that the essential ingredients are distilled and interventions are tiered so that they are pragmatic—maximally precise and minimally burdensome.
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As widely discussed in this volume, mounting evidence traces the developmental origins of psychopathology to the perinatal period (Hughes et al. 2013), yet studies continue to yield small to moderate effect sizes (Stein et al. 2014). Moreover, to date there has been little evidence that early interventions during pregnancy lead to a reduction in the incidence or prevalence of psychopathology. Importantly, symptoms reflecting emerging psychopathology appear early in life, with 50% identifiable before the age of 5, and rates of impairment remain stable across infancy, adolescence, and adulthood. Most mental health disorders emerge during the second decade just as youth are about to enter their more productive tasks and accomplishments in life, robbing them of academic, emotional, and social well-being. Whereas there has been substantial improvement in identification and treatment in chronic and life-limiting conditions such as heart disease, cancer, and even HIV, poor mental health has today surpassed these disorders to become the leading cause of disability across the lifespan (C. J. Murray et al. 2013; Health 2020). For meaningful reduction in incidence and morbidity to occur and for the burden of suffering to be alleviated, we will need a better lifespan understanding of the developmental origins of psychopathology starting as early as the prenatal period of life.
This book has focused on how maternal experiences during pregnancy alters maternal physiology, in ways that is directly and indirectly transmitted to the fetus through multiple placental and non-placental pathways, and alters subsequent course of fetal development with potentially long-lasting effects on health and disease across the life span. This book is a first attempt to assemble a diverse literature that combines the complexities of these developmental processes, evidence of early intervention and risk modification which should ultimately inform strategies for prevention and health promotion. With this in mind, this volume synthesized current knowledge that should allow us to harness the rich evidence of how perinatal maternal mental health shapes complex cognitive, social, and emotional developmental processes that should be able to help chart a course for improved mental health as an urgent and achievable public health priority.
Looking Forward
Measuring Prenatal Stress
The first priority in this field although simple seems to have been the most elusive: the definition of prenatal stress. The role of maternal factors on fetal development and function includes physiological aspects of maternal stress and distress such as HPA axis and immune functioning and the microbiome. Psychological aspects are equally complex and include negative events (traumatic experiences, daily hassles, chronic stressors), cognitive appraisals (including pregnancy-specific worries), and emotional responses (including symptoms of anxiety and depression). So far, attempts have been unsuccessful at reconciling the rich sets of putative agents, as best exemplified by failures to date to find an association between maternal stress hormones and measures of maternal psychological distress in human studies (Beijers et al. 2014). Measures overlap in their construct and prediction as much as they diverge, and at this stage of the science, it is now necessary to differentiate variability in methodology that implies robustness from variability that implies unreliability (See also Chap. 7 “Immune models and mechanisms”). One strategy would be for a broader conceptualization of the concept of stress to capture all dimensions of both mood and worries, an approach used in recent efforts to harmonize and simultaneously examine cohorts in this field (Székely et al. 2020). Another would be the simultaneous inclusion of the multiple pathways, prenatal HPA axis, the immune response, the microbiome, and placental epigenetics. The simultaneous measure of many of these putative etiological pathways would begin the path to a grand unified understanding of the prenatal programming pathways.
Translating the Measurement of Prenatal Stress into the Clinical Setting
The objective remains though for such a definition to be operational not only for the purposes of research but also for its ultimate goal, namely, early identification and prevention. The approach in research has been to examine multiple facets of prenatal stress, using continuous and sometimes multi-dimensional constructs (Putnam et al. 2017; Carleton et al. 2013; Székely et al. 2020), while in the clinic, the accent is on measures with cut-offs and diagnostic threshold. Clearly stress exists on a continuum, a multi-dimensional continuum no less, and interventions require selection. An index of risk, modelling of complex, non-linear, and non-additive risk factor effects would be a strategy to reconcile the complexity of mechanisms and risk measures. Such a measure would not necessarily follow a traditional cause-effect relationships (i.e., a given factor may trigger risk for one individual given the presence of other factors while being neutral or even raising resiliency for other individuals), would need to be transparent (i.e., provides parsimonious explanations required in decision-making), would be flexible enough to easily update the model in the presence of further knowledge and computationally feasible to conduct demographic-wise analyses, and would be specified for the target population.
Measurement of Child Outcomes
Great advances have also been seen in the precision of developmental and psychopathological outcomes linked at least in part to prenatal stress. Just in this text, rich evidence is presented about the impact on sleep, pain response, temperament, regulation, cognitive development, and psychopathology. While childhood psychopathology is traditionally grouped into internalizing and externalizing disorders, there remains considerable comorbidity between these two categories (Angold et al. 1999). The stability of these categories over time is unclear with heterotypic and homotypic continuities and discontinuities in the preschool to elementary age (Aja Louise Murray et al. 2016; Rutter et al. 2006; Shevlin et al. 2017; Bubier and Drabick 2009). This complexity of the relationship between internalizing and externalizing symptoms can make it difficult to categorize childhood psychopathology but also to determine etiology. The advent of hierarchical factors of psychopathology has been one robust manner to address this challenge, with good evidence for its predictive but also discriminatory value. It allows also to capture multi-informant measures, a challenge emerging from the frequent specificity of behaviors and emotions tied to context and relationship. Finally, with significant sex-dimorphic effects of prenatal stress, a hierarchical measure, which captures the common symptomatology of impairment, would clarify the common effects of prenatal programming.
Neurodevelopmental Pathways
Neurodevelopmental changes from prenatal stress have also been measurable using novel electrophysiological and neuroimaging techniques. Of note is that our knowledge of this literature continues to grow in parallel with our understanding of fetal brain continuities. Given some attributes are conserved while others cross over into other domains or finally that a shared attribute can be expressed differently, the task of stress by brain structure by development is a richly evolving field (See also Chap. 9 “Prenatal Programming of neurodevelopment: Imaging and structural changes”). With the advent and repeat protocols of imaging, the stability and predictive value of structural and functional changes can now be explored, with greater confidence about causal patterns. An equally important benefit will be our ability to examine timing of exposure, as it pertains to developmental pathoconnectomics, an area of research focused on the events leading to and outcomes from disrupted brain connectivity development (Jakab 2019). We will be in a better position to clarify inconsistencies in findings from preschool to adulthood and the gap for evidence of changes associated with adolescence.
Sex-Specific Effects
There is mounting evidence that maternal prenatal stress may differentially affect female and male offspring. Potentially, these sex-specific fetal programming responses may be implicated in the sexually dimorphic vulnerability to specific mental health problems, such as increased susceptibility to anxiety and mood disorders, among females, and autism and ADHD, among males. The sex-specific effects of distinct forms of prenatal and early-life stress have been documented in multiple biological domains (see also Chap. 10 “Sex-Specific Impacts of Prenatal Stress”). The emergence of sex difference in prenatal stress research reflects a growing shift in the field of psychological research to include and measure sex and gender effects (Hartung and Lefler 2019). With clear expectations of examining sex and gender effects in studies of prenatal stress and child development, there is greater attention to properly power these analyses. Strengthening the robustness of this literature also requires a reflection on the construct of sex and gender measures (e.g., moving from binary to dimensional measures) and of the gender invariance and validity of psychopathology with significant gender differences (depression in men and ADHD and ASD in girls). One approach, the use of hierarchical measures of psychopathology (Lahey et al. 2012; Aja Louise Murray et al. 2016), especially when the construct is invariant across males and females, can permit the extraction of general effects for prenatal stress, without the influence of gender biases in the constructs. Also, by establishing a priori research questions, with well-characterized biological and psychological measures, an attention to type 1 errors emerges (See also Chap. 10 “Sex-Specific Impact of Prenatal Stress”).
Timing Effects
The precision of timing effects remains elusive as some leads are being consolidated. Clearly the specificity of structural and functional development of regions of the brain over the duration of fetal life offers important insights. Studies examining typical and atypical fetal development point to a period of rapid increase in neural development and myelination that impact cortical and vagal processes (Sachis et al. 1982), including an accelerated, non-linear gyrification and sulcal development (Clouchoux et al. 2012). This suggests one possible developmental switch point between 28 and 32 weeks involving the consolidation of neural function. Another would be in early pregnancy where prenatal nutrition and infectious stresses have been associated with more serious neurodevelopmental outcomes such as schizophrenia and ASD. There is good evidence for environmental toxin effects on developing germ line, but timing-specific effects of epigenetic and mitochondrial alterations are not clear yet. Obstacles include the relative absence of systematic assessment of women across pregnancy to identify one period as influential. Also, with half of pregnancies unplanned, prospective (or retrospective) data about the first trimester is rarely available, this in spite of distinct neurodevelopmental processes specific to each trimester. Finally, over gestation, the fetal brain changes as does maternal brain and stress-related biology (e.g., women tend to be less responsive to stressors in the second trimester) so that there are two dynamic systems to consider.
A Complex Integrative Model of Development
Finally, this book was planned with the intent of consolidating an incredible body of research in prenatal health, a field that now encompasses beyond medicine into psychology, sociology, ethics, and pharmacology that permits us to examine the interaction of biological and environmental factors in the development of the foundations of life. A focus on developmental outcomes for this review, enabled consideration of outcomes which were harmful but also, outcomes which, as importantly, were beneficial. The evidence reviewed in our last two sections highlight how prenatal programming effects involve many co-factors which ultimately can tip the balance of development in either direction. A number of significant conditions have made possible the research on resilience (See also Chap. 14 “Gestational Stress and Resilience”) differential susceptibility, and biological susceptibility to context (See also Chap. 12, “Prenatal Programming of Postnatal Plasticity”). Developmental outcomes vary, and it is often unclear why some, but not all, children are negatively affected, or even why some children benefit under positive environmental conditions. With this in mind, attention is now moving away from a diathesis-stress framework, where vulnerable individuals are disproportionately adversely affected by negative exposures due to an inherent “vulnerability” (e.g., psychological trait or “risk gene”) (Pluess and Belsky 2013). However, to account for variations in the negative effects of contextual adversity, the differential susceptibility model has been proposed to account for susceptible individuals who are not just vulnerable to adversity, but are more developmentally plastic or malleable (Belsky and Pluess 2009). The differential susceptibility model asserts that some individuals are susceptible to both good and negative factors, namely, the negative effects of adversity, the “dark side” of environmental susceptibility, and the beneficial effects of support, the “bright side” of positive exposures (Jolicoeur-Martineau et al. 2020; Belsky and Pluess 2009). There are others who may actually benefit from positive factors and those with a vantage sensitivity who may be disproportionately susceptible to positive environments (i.e., from genetic variations). For some, prenatal stress may even “buffer” a child against a subsequently postnatal environment while for others remain susceptibility to an adverse environment.
Recommendations highlighted below are essential for this complex view of the prenatal period to continue to be refined. First, resources should continue to be invested in longitudinal research which can follow children long enough to garner insight about development, a cycle which takes time and occurs in steps and which can be quite surprising. Short-term outcomes truncate windows of time necessary to observe modifications and transformational changes. Second, measurement is best centered around the person, with measurement which is iterative but also which can be examined with latent growth models. Third, our understanding of the developing systems will be strengthened by greater detail in the characterization of threat and adversity and as importantly in the inclusion of positive functioning and outcomes. Positive measures (not absence of negative outcomes) will enable the appraisal of meaningful benefits. Fourth, the characterization of the environment, adverse and enriched, requires as much refinement as we have seen in our measures of biological factors (stress reactivity, immune, microbiome, genetic and epigenetic). These environmental measures include assessment of family functioning, bonding, the role of the community, and the directionality of processes such as direct, reciprocal, and transactional. Clearly the effects of stress can be seen both in the developing fetal organism, but also in the parenting environment in which this susceptible person will live.
Prevention and Treatment
Ultimately, perinatal stressful circumstances that influence neurodevelopment should be considered complex interactions between behavioral, biological, and experiential factors that act in an iterative fashion spanning from before pregnancy to long after birth. Many pressing questions cannot easily be addressed under experimental laboratory conditions or even using “big” population level data. Distinguishing the effects of the mother’s mental illness and stress-related disorders from treatment or interventions remains a key challenge that often defies randomized control designs. Developmental processes and child outcomes are not always predicted by merely identifying prenatal exposure status as an adverse risk exposure: development can go both ways reflecting vulnerability and resiliency. Identifying women who can benefit from prenatal therapy – regardless of its nature – remains a critical unanswered question. Well-designed long-term studies following both mothers and their children should help us move beyond a “main effect” focus to identify patterns of risk, interactions with concurrent environmental and genetic factors that promote or reduce developmental vulnerability. However ultimately the management of perinatal stress offers no risk-free options, and the risks and potential benefits of untreated maternal mood disturbances cannot be ignored: no treatment is not an option. Treatment goals should identify modifiable risk factors related to both the mother’s mental health and the child's development. In considering the child as part of a family and a community supportive-system, treatments which balance risks and benefits for both, would guide us in promoting optimal healthy maternal and child development. These interventions, based on a rich array of biological, physiological, and neurodevelopmental measurements, combined with pharmacological and non-pharmacological approaches, should reduce risk and promote positive outcome across the two generations.
Final Thoughts
The very focus of this book raises real concern about links between perinatal stress and increased mental health risk across the lifespan, yet to date findings also illustrate vast variability in outcome that reflects both vulnerability and resiliency. The evidence is far from invariate, and the nuanced diverse developmental outcomes serve to reassure us that outcomes can vary. For some, this might mean the absence of evidence of adversity, whille for others this might mean the evidence reflecting positive outcomes. To see both sides of the impact of perinatal stress requires a means of understanding interactions between genetics, early environment, preconception, sex, and multiple ongoing factors that shape early human development. This perspective should help inform developmental models that have sufficient explanatory value to effectively inform practice and policy. Nonetheless, we hope for one to support policy- and clinical-level attention about the welfare of women and children across the lifespan. We also enumerate existing intervention models as guidance and examples of possibilities that highlight the importance of the continuum of ongoing experiences across the lifespan. Finally, with a developmental model built into interventions across the lifespan, we believe this volume offers hope for improving the quality of life of women, children, and families and for making a dent in the emergence, prevalence, and burden of mental disorders.
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Confirmatory and competitive models (CCMs)

Connor-Davidson Resilience Scale (CD-RISC)

Corticospinal tract anisotropy

Corticotrophin-releasing hormone (CRH)

Cortisol
biological mechanism
and inflammatory markers
levels
maternal
neurodevelopment
placenta
prenatal
maternal anxiety
maternal depression
stress-related

COVID-19
See alsoCytosine-guanosine dinucleotide pairs (CpG)


D

Depression
affective disorders
anxiety and stress
biomarker
epidemiology
SeeEpidemiology
maternal
anxiety
psychological stress
postnatal
postpartum
during pregnancy
prenatal
SeePrenatal depression
risk factors
and schizophrenia

Developmental origins
DOHaD
health and disease
immune system

Developmental origins of health and disease (DOHaD)

Developmental programming

Developmental psychopathology
adaptations
cascades
intergenerational
maternal-fetal communication
maternal lifespan
developing systems
fetal period
mother
placenta
evolutionary-developmental lens
evolutionary perspective
external/preexisting stressors
resilience science

Differential susceptibility
and biological susceptibility
developmental strategies
evolutionary-developmental
formula
GxE model
negative emotionality
physiological reactivity
plasticity
endophenotypic indicator
phenotypic indicator
postnatal environment
resilience
and vantage sensitivity

Diffusion tensor imaging (DTI)

DOHaD
SeeDevelopmental origins of health and disease (DOHaD)

Dopamine transporter

DTI
See also
see Diffusion tensor imaging (DTI)


E

Early adversity

Early brain development

Early life stress (ELS)
epigenetic and mitochondrial alterations
gestational biological environment alterations
intergenerational transmission
maternal
germ line
postnatal environmental effects
paternal effects
prevalence and long-term consequences
stressors

EEG
SeeElectroencephalography (EEG)

Electrocardiograph (ECG)

Electroencephalography (EEG)
asymmetry
and ERP
mean differences
objective sleep patterns
waves

ELS
SeeEarly life stress (ELS)

Endogenous stress
anxiety
depression

Environmental disasters

Environment-Wise Association Studies (EWAS)

Epidemiology
depression/anxiety disorders
pregnancy-specific anxiety
prenatal
anxiety disorders
depression
stress
SeePrenatal stress
risk factors for prenatal stress disorders
stress, broad and specific concepts
trends over time

Epigenetic inheritance

Epigenetics
alterations
changes
NR3C1 methylation
SLC6A4 methylation
telomere length
developmental
origins
research
effects
factors
fetal programming
match-mismatch hypothesis
maternal prenatal stress
mechanisms
DNA methylation
histone modifications
MicroRNAs
and mitochondrial alterations
NR3C1 methylation
of prenatal stress
SLC6A4 methylation
telomeres
timing-specific effects

Event-related potential (ERP)
child neurodevelopment
and EEG
prenatal stress

Evidence-based interventions
infant sleep
maternal sleep, pregnancy
nonpharmacological interventions, targeting prenatal stress
pharmacological interventions , prenatal stress
sleep interventions/maternal mood

Evolution
animal studies
challenges and future research
clinical implications
epigenetic effects
ethnicity
fetal programming
global implications
human studies
and child outcome
evolutionary perspective
genetic vulnerabilities
prenatal maternal stress
sex differences
stress types
timing of exposure
maternal factors
microbiome
obstetrical care and physical health
prenatal maternal stress

Exogenous stress
environmental disasters
refugee dislocation
war

Expectable environment

Extra-placental stress transfer mechanism

Extremely low birth weight (ELBW)
clinical and research recommendations
DOHaD
gestational ages
heterogeneity
intervention/resilience
IUGR
neonatal intensive care
neuropsychiatric functioning
physical health
risks
SGA
See alsosociodemographic attainment


F

Fetal heart rate (fHR)

Fetal programming
evolutionary-developmental lens
gut microbiome
hypothesis
match-mismatch hypothesis
maternal and fetal factors
mechanisms
molecular mechanism
placental serotonin
predictive adaptive response
sex-specific

Fetus
adaptation
developing systems
fetal studies overview
match-mismatch hypothesis
maternal emotional reactivity
and mother
neurobehavior
and associations
development and assessment
maternal emotional reactivity
prenatal stress
programming
SeeFetal programming
resilience

See also Placenta

FK506 Binding Protein 5 (FKBP5 gene)

Full-term children
See alsoFunctional magnetic resonance imaging (fMRI)


G

Gene by environment interaction (GxE) models
environmental factors
adding pairwise interactions
latent scores
LEGIT
gene-environment correlation (rGE)
generalized linear model (GLM)
ordinary least squares (OLS)
testing
CCM
RoS

Gene-environment correlation (rGE)

Gene-environment interaction

General Health Questionnaire (GHQ-12)

Generalized linear model (GLM)

Genetic insurance

Genetics
colonization patterns
fetal resilience
and inborn characteristics
placental
prenatal environment

Genetic susceptibility

Genetic variations
BDNF
COMT
environmental factors
FKBP5 gene
glucocorticoid receptors
NFKBIA gene
NR3C1 gene
SLC6A3
Val/Met/Met/Met alleles

Genome-wide association studies (GWAS)

Gestational biology

Gestational stress
anxiety
chronic stressors
depression
effects
endogenous stress, 320–322
See alsoEndogenous stress
evidence-based interventions
exercise and diet
parenting
psychotherapeutic interventions
social support
exogenous stress, 323–325
See alsoExogenous stress
HPA axis
humans
offspring
incarceration
IPV
major life events
maternal early life adversity
parental brain
physical health conditions
preexisting mental conditions
rodent models
affective behaviors
offspring
paternal behavior
sociodemographic disadvantage
See alsoGlucocorticoid receptor (GR)


H

High-dimensional propensity scores (HDPS)

Histone

5-HTT-gene-linked polymorphic region (5-HTTLPR)

HPA axis
SeeHypothalamic-pituitary-adrenal (HPA) axis

Human research designs

Hypothalamic-pituitary-adrenal (HPA) axis
ACTH
animal research
axis activity
colonizers
development
dysregulation
endocrine axis
functioning
gestational stress
and immune functioning
immune system
maternal cortisol
negative feedback loop
pregnancy
serotonin pathways
stressors
See alsostress response system


I

Immune activation

Immune response

Immune system
acute inflammatory reactant
developmental and health implications
dysregulation
epigenetic effects
fetal
functioning and neurodevelopment
and inflammation processes
physiological
functioning
mechanisms
prenatal maternal anxiety
programming mechanism
rodent neuroendocrine
serotonergic and

Impact of Event Scale-Revised (IES-R )

Infant-Toddler Social and Emotional Assessment (ITSEA)

Inflammation
child health
and cortisol
intrauterine
maternal
neural
within placenta
prenatal maternal anxiety
systemic
utero exposures

Intergenerational transmission
ELS
health and disease risk
pathways, ELS
SeeEarly life stress (ELS)
prenatal maternal stress
prevalence and long-term consequences
primary mechanistic pathway
stressful events

International Classification of Diseases (ICD)

Internet-based cognitive behavioral therapy (iCBT)

Interpersonal therapy (IPT)

Intervention-as-a-test-of-theory approach

Intimate partner violence (IPV)
See alsoIntrauterine growth restriction (IUGR)


L

Latent Environmental and Genetic InteracTion (LEGIT)

Limbic system
motor impairment
neonatal pain exposure
neurophysiological networks
thalamocortical pathway
See alsothalamus


M

Magnetic resonance imaging (MRI)
brain development
dMRI and fMRI
electrical brain activity
myelin
psychological indicators of prenatal stress and child neurodevelopment
structural and functional

Magnetoencephalography (MEG)

Match-mismatch

Maternal antenatal depression

Maternal anxiety

Maternal behaviors

Maternal distress
CBT
challenges
commonalities
definition
DSM framework
interventions, pregnancy
MBCT-PD
mental health
neurodevelopment via reducing exposure
PHBP
PHBP Wellness-4-2
pregnancy
real-world setting
risks, pregnancy
screening and identification
unique elements

Maternal immune activation (MIA)

Maternal offspring-directed care

Maternal stress
animal studies
breast milk cortisol concentrations
challenges
clinical implications
cord blood immune markers
and distress
epigenetic
changes
effects
ethnicity
evolutionary explanations
SeeEvolution
fetal programming
future research
global implications
hormones
human studies
and child outcome
evolutionary perspective
genetic vulnerabilities
prenatal maternal stress
sex differences
stress types
timing of exposure
maternal factors
and maternal obesity
mental/physical health conditions
microbiome
and neurodevelopment
SeeNeurodevelopment
obstetrical care and physical health
placental functioning
during pregnancy
prenatal maternal stress
SPIRAL studies
transplacental transfer mechanisms

See also Prenatal stress

Measurement

Mental health
attributable risk
childhood maltreatment
difficulties
fetal origins
maternal
neurodevelopment
physiological changes
during pregnancy
in pregnancy
prenatal stress
risk factors
structural and functional MRI
symptomatology

See also Prenatal stress

Methodological considerations
and future directions
multiple-levels-of-analysis approaches
test of theory
timing effects

Methylation
cord blood GR receptor
DNA
NR3C1
placental
prenatal maternal anxiety
SLC6A3
sncRNA

MIA
SeeMaternal immune activation (MIA)

Microbiome
mother-infant
NE ad ER
during pregnancy
prenatal inflammation
vaginal

See also Microbiome-gut-brain axis

Microbiome-gut-brain axis
emerging
future perspectives
gut microbiome
immunological perturbations
intrauterine microbiome
microbiome imaging, emerging
perinatal period
psychological prenatal stress
psychotropic medications
stress transfer mechanisms

Micro RNA

Mindfulness- based cognitive therapy (MBCT)

MOMCare

Mom power

MRI
See also
see Magnetic resonance imaging (MRI)


N

Natural disasters
climate change
coping styles
fetal programming
HPA
pandemics
parenting
PNMS, sex differences
population-level intervention
pregnancy
psychological distress
psychosocial resources/individual level
PTSD
spiral
biopsychosocial process
child development
hardship/subjective stress
maternal cognitive appraisal/child outcomes
maternal stress
maternal subjective distress
PNMS
PTSD
results
subjective stress/child development
women protection

Near-infrared spectroscopy (NIRS)

Neonatal intensive care units (NICU)

Neonatal skinbreaking procedures

Neurodevelopment
behavioural outcomes
cortisol
disease risk
disorders
immune system functioning
mitochondria
outcomes
perinatal stress
rhesus monkeys
trajectories

See also Prenatal programming

Neuroimaging

Neuropsychiatric functioning
adults
chronic health conditions
cognitive impairments
cognitive limitations
frontal alpha asymmetry
mental health
NBW adults

Nociceptive processes

Norepinephrine (NE)
See alsoNR3C1 methylation


O

Ordinary least squares (OLS)

OT receptor gene (OTR)
See alsoOxytocin (OT)


P

Pain management

Pain-related stress

Parental stress
emotional/physiological reactivity
experimental research
postnatal plasticity

Peritraumatic Dissociative Experiences Questionnaire (PDEQ)

Peritraumatic Distress Inventory (PDI)

Pharmacotherapy

Placenta
and epigenetic changes
estrogens
fetal-placental biological factors
gene expression differences
key genes
mechanisms
methylation

NR3C1 gene
pathophysiology
pCRH
permeability
in prenatal programming
epigenetics
glucocorticoids
immune function
insulin signaling
nutrient transfer
placental microbiota
serotonin system
sex differences
timing
transplacental barrier permeability
prenatal stress
telomere length

Plasticity
animal research
environmental sensitivity
intestinal microbiota
oxytocin
phenotypic outcomes
placenta
potential moderators
genetic moderation
sex differences
timing and type, prenatal stress
serotonin
stress responsivity
vasopressin

PNMS
SeePrenatal maternal stress (PNMS)

Polygenic risk score (PRS)

Polysomnography (PSG)

Postnatal depression

Post-traumatic stress disorder (PTSD)

Pregnancy
adaptive changes
anxiety
and birth
complication
CRH
differential vulnerability
extra-placental stress
fetal development
gut microbiome
HPA axis
interventions targeting maternal sleep
maternal
immune disruptions
inflammation
and newborns
prenatal stress
SeePrenatal stress
psychotropic medications

Pregnancy specific anxiety

Prenatal anxiety
altered infant immune system
animal and human research findings
and depression
disorders
ERP study
immune system development
maternal

See also Prenatal stress

Prenatal depression
and anxiety
depressive disorders
EEG asymmetry

5-HTTLPR

maternal
nonpharmacological interventions
with pharmacotherapy
prenatal anxiety disorders
risk factors
sleep disturbances

Prenatal distress, clinical trials

Prenatal intervention

Prenatal maternal stress (PNMS)

Prenatal programming
brain volume and thickness
central nervous system
clinical recommendations
DOHaD hypothesis
evolutionary basis
fetal origins
fetus
fetal neurobehavioral development and assessment
maternal emotional reactivity
neurobehavior
prenatal stress
studies overview
functional connectivity
future research
diverse populations
intergenerational transmission
modeling multiple exposures
prevention interventions research
limitations
and offspring development
EEG and ERP
placenta
postnatal plasticity
systematic review methods
white matter

Prenatal-programming-of-postnatal-plasticity hypothesis

Prenatal stress
and child development
child immune health
child outcomes
clinical and global health applications
clinical setting
complexity and complementarity
COVID-19
differential susceptibility
DOHaD
epidemiology of
SeeEpidemiology
epigenetics
SeeEpigenetics
evolutionary explanations
SeeEvolution
hypothesis
inflammation
integrative model
maternal anxiety
measuring
and mental health
neurodevelopmental changes
operationalizing and testing
outcomes
postnatal environment role
preventions/treatment
psychopathology
resilience
sex-specific impacts
SeeSex-specific impacts
staging period
timing and type
timing effects

Preterm infants
altered brain structure
cerebellum
cortical thickness
corticospinal tract
limbic system
cortisol
epigenetics
NR3C1 methylation
SLC6A4 methylation
telomeres
genetic variations
BDNF
COMT
environmental factors
FKBP5 gene
glucocorticoid receptors
NFKBIA gene
NR3C1 gene
SLC6A3
Val/Met/Met/Met alleles
HPA axis response
neurodevelopmental outcomes
infancy/early childhood
school age
NIRS
pain
pain-related stress
physiological responses
sleep architecture
development
effects
NICU
prematurity
protective factors
stress
stress exposure vs. cortisol reactivity

Profile of Mood States anger scale (POMS)

Promoting Healthy Brain Project (PHBP)

Psychopathology

Psychosocial stress
See alsoPsychotropic mediations


R

Randomized control trials (RCT)

Regions of significance (RoS) approach

Resilience
cognitive development
definition
developmental plasticity
differential susceptibility
female placenta
fetal and maternal programming perspectives
fetus
gestational research
intervention
methodological strategies
intervention-as-a-test-of-theory approach
multiple-levels-of-analysis
timing of stress
mother
postnatal environment
prenatal development
prevention and intervention
protective factors
fetal-placental biological factors
maternal biological factors
maternal coping styles
See alsomaternal social factors


S

Selective serotonin reuptake inhibitors (SSRIs)
antidepressants
child socio-emotional/behavioral outcome
early brain development/imaging
exposure/ASD
fetal/newborn neurobehavioral outcome
maternal gut microbiota
maternal mood disturbanc
pregnancy
prenatal exposure
and ASD
neurobehavire
sertraline
setting
speech and language development

Self-efficacy

Serotonin

Serotonin-norepinephrine reuptake inhibitors (SNRIs)

Serotonin signaling

Sex differences
adaptive perspectives
examination of
in fetal and early infant development
hypothesis
PNMS effects
prenatal stress
psychiatric and neurodevelopmental disorders

Sex-specific impacts
adaptive perspective
animal models
mechanisms
of prenatal stress
asthma and allergic disease
growth and body composition
HPA axis activity
neurodevelopmental outcomes
perinatal outcomes
reproductive outcomes
prenatal stress impact
relative paucity
sex and gender

See also Sex differences

Single nucleotide polymorphism (SNP)

Sleep
anxiety
confounding variables
culture, expectations, and perceptions
definition
depressions
functions and developmental spheres
genetic components
infancy
maternal practices
measure infancy and childhoodd
parenting practices
pregnancy/newborns
prenatal stress/children's sleeping behaviors
prenatal stress, mechanisms
problem
sleep-wake cycle
temperament
toddlers

Sleep-wake patterns

Sprague–Dawley strains

SSRI antidepressants

Statistics, background knowledge of

Steeling effects

Stress
animals
humans
pregnancy
prenatal
SeePrenatal stress
prenatal maternal
SeeMaternal stress
sex-specific impacts
SeeSex-specific impacts

Stress in Pregnancy International Research Alliance (SPIRAL)

Stress management

Stress-related disorders

Stress responsivity

Subcortical grey matter metabolism

Subjective distress
See alsoSympatho-adrenomedullary (SAM) system


T

Telomeres

Term-born infants

Thalamocortical pathway

Timing
disaster in pregnancy
effects
exposure and child outcome
during gestation
gestational exposure
postnatal immune assessment
prenatal
SSRI exposure
stress type

Transcranial direct current stimulation (tCDS)

Trauma
methylation at FKBP5

pregnancy-related anxiety
prenatal depression
See alsoand stressful life


U

Ultrasonic vocalizations (USVs)


V

Videosomnography


W

War trauma
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if (!'require("LEGIT")) install.packages("LEGIT")
library (LEGIT)

fit.legit = LEGIT(data, G, E, y = GxE)

summary (fit.legit)

plot (fit.legit)
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1| sigmoid = function(x) return(l/(l+exp(-x))) # Sigmoid function
2| y_bin = rbinom(n=N, size=1, prob=sigmoid(E_y)) # Binary outcome
3|data_bin = data.frame(g,e,y_bin) # Dataset
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> summary (fit.legit)
Sfit_main

Call:
stats::glm(formula = formula, family = family, data = data,
model = FALSE,y = FALSE)

Deviance Residuals:
Min 10 Median 30 Max
-1.28560 -0.36302 -0.03977 0.34554 1.39542

Coefficients: (-4 not defined because of singularities)
Estimate Std. Error t value Pr(>|t])

(Intercept) 0.01549 0.03376 0.459 0.646676

G 2.04478 0.12456 16.416 < 2e-16 #**x
E 1.00648 0.03985 25.257 < 2e-16 **x
G:E 0.56201 0.14297 3.931 0.000111 #x=

Signif. codes: 0 “%xx’ 0.001 ‘%%’ 0.01 “x’ 0.05 “.” 0.1 “ 1
(Dispersion parameter for gaussian family taken to be 0.2586327)

Null deviance: 296.952 on 249 degrees of freedom
Residual deviance: 62.589 on 242 degrees of freedom
AIC: 381.25

Number of Fisher Scoring iterations: 2

$fit_genes

Call:
stats::glm(formula = formula_b, family = family, data = data,
model = FALSE, y = FALSE)

Deviance Residuals:
Min 10 Median 30 Max
-1.28560 -0.36295 -0.03944 0.34574 1.39542

Coefficients: (-5 not defined because of singularities)

Estimate Std. Error t value Pr(>|t])

gl 0.30570 0.03817 8.009 4.87e-14 »xx
g2 0.36309 0.03024 12.008 < 2e-16 *xx
g3 -0.33120 0.02928 -11.313 < 2e-16 **x
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fit_bin = glm(y_bin"gxe, data=data_bin,
summary (fit_bin)

AIC(fit_bin)

BIC(fit_bin)

family=binomial)
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> summary (fit_nogxe)

Call:

Im(formula = y ~ g + e, data = data)

<2e-16 xxx

Residuals:

Min 10 Median 30 Max

-2.03141 -0.38053 0.00339 0.37728 2.11730
Coefficients:

Estimate Std. Error t value Pr(>|t])

(Intercept) 0.03946 0.04207 0.938 0.349
g 1.91075 0.09907 19.288

S 1.09723 0.01838 59.711

Signif. codes: 0 “%x%’ 0.001 “%x’ 0.01

Residual standard error: 0.6015 on 247 degrees of freedom
Adjusted R-squared:
p-value:

Multiple R-squared: 0.9419,
F-statistic: 2002 on 2 and 247 DF,

> AIC(fit_nogxe)
[1] 460.3277
> BIC(fit_nogxe)
[1] 474.4135

v

*

<2e-16 *x*x

’

0.05

.

’

0.1

0.9414
< 2.2e-16

.

’

1
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Signif. codes: 0 “x%%’ 0.001 ‘%%’ 0.01 “x’ 0.05 “.” 0.1 “ ' 1
(Dispersion parameter for gaussian family taken to be 0.2586324)
Null deviance: 296.952 on 250 degrees of freedom

Residual deviance: 62.589 on 242 degrees of freedom

AIC: 381.25

Number of Fisher Scoring iterations: 2

Sfit_env

Call:
stats::glm(formula = formula_c, family = family, data = data,
model = FALSE, y = FALSE)

Deviance Residuals:
Min 10 Median 30 Max
-1.28557 -0.36301 -0.03977 0.34554 1.39542

Coefficients: (-5 not defined because of singularities)
Estimate Std. Error t value Pr(>|t])

el 0.74986 0.03220 23.289 <2e-16 **x
e2 0.24819 0.01657 14.979 <2e-16 **x
e3 0.00195 0.01067 0.183 0.855

Signif. codes: 0 “x%%’ 0.001 ‘%%’ 0.01 “«’ 0.05 “.” 0.1 “ ' 1
(Dispersion parameter for gaussian family taken to be 0.2586327)
Null deviance: 296.952 on 250 degrees of freedom

Residual deviance: 62.589 on 242 degrees of freedom

AIC: 381.25

Number of Fisher Scoring iterations: 2
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## Creating synthetic data

set.seed(666) # Random (demonic)

N = 250 # Sample size
p = .20 # Probability of h

beta = c(0, 1, 2, .50) # True weights of the GxE model

# Genetic variants

gl = rbinom(n=N, size=1l, p
g2 = rbinom(n=N, size=1l, p
g3 = rbinom(n=N, size=1l, p
g = (1/3)*gl+(1/3)*g2-(1/3
# Environments

el = rnorm(n=N, mean=0, sd
e2 = rnorm(n=N, mean=0, sd
e3 = rnorm(n=N, mean=0, sd
e = (3/4)*el+(1/4)*e2 # E

noise = rnorm(n=N, mean=0,
E_y = betal[l] + betal[2]xe

y = E_y + noise # Phenotyp
# Dataset (must be seperat

data = data.frame(y) # contains outcome and covariates

G = data.frame(gl,g2,93) #
E = data.frame(el,e2,e3)

aving the genetic variant

rob=.20)
rob=.25)
rob=.30)
) *g3 # Genetic score

=1)

=2)

=3)

nvironmental score
sd=.50) # Noise

+ betal[3]xg + betald]*gxe

e

ed in 3 parts)

contains the genes
# contains the environments

seed to ensure the same results

(if any)
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## True model is Vantage sensitivity weak

GxE_test_BICl = GxE_interaction_test (data=ex_van_w$data, genes=ex
_van_w$G, env=ex_van_ wS$E, formula noGxE =y ~ 1, crossover =
c(0, 10), criterion="BIC")

GxE_test_BIClS$results

plot (GXE_test_BIClS$fits$vantage_sensitivity WEAK, xlim=c(0,10),
ylim=c(3,13),cex.leg=1.4, cex.axis=1.5, cex.lab=1.5)

## True model is Differential susceptibility strong

GxE_test_BIC2 = GxE_interaction_test (data=ex_ds_s$data, genes=ex_
ds_s$G, env=ex_ds_sS$E, formula noGxE =y ~ 1, crossover = C
(0, 10), criterion="BIC")

GxXE_test_BIC2S$results

plot (GXE_test BIC2S$fits$diff suscept STRONG, x1lim=c(0,10), ylim=c
(3,13),cex.leg=1.4, cex.axis=1.5, cex.lab=1.5)
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fit_bin nogxe = glm(y_bin"g+e, data=data_bin,
summary (fit_bin_nogxe)

AIC(fit_bin nogxe)

BIC(fit_bin nogxe)

family=binomial)
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> summary (fit_en)

Call:
Im(formula =y " gl + g2 + el + €2 + gl_el + gl_e2 + gl_e3
g2_el + g2_e2 + g2_e3, data = data)

Residuals:
Min 10 Median 30 Max
-1.31679 -0.37338 -0.02227 0.35943 1.40646

Coefficients:
Estimate Std. Error t value Pr(>|t])

(Intercept) 0.006961 0.041713 0.167 0.86761
gl -0.552522 0.084774 -6.518 4.20e-10 xx=x
g2 0.582635 0.070682 8.243 1.12e-14 »xx
el 1.019775 0.043555 23.414 < 2e-16 *xx
e2 1.986847 0.022109 89.867 < 2e-16 *xx
gl_el 0.241584 0.086497 2.793 0.00565 *x
gl_e2 -0.221476 0.050533 -4.383 1.76e-05 xx=*
gl_e3 -0.043097 0.029061 -1.483 0.13940
g2_el 0.230353 0.074512 3.092 0.00223 *x
g2_e2 0.034555 0.038394 0.900 0.36903
g2_e3 0.022187 0.019825 1.119 0.26420

Signif. codes: 0 “x%%’ 0.001 ‘%%’ 0.01 ‘%’ 0.05 ‘.’ 0.1 “

Residual standard error: 0.5077 on 239 degrees of freedom
Multiple R-squared: 0.9827, Adjusted R-squared: 0.982
F-statistic: 1358 on 10 and 239 DF, p-value: < 2.2e-16

> AIC(fit_en)
[1] 383.2941
> BIC(fit_en)
[1] 425.5516
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Deviance Residuals:
Min 10 Median 30 Max
-1.28395 -0.36872 -0.04584 0.34695 1.39943

Coefficients: (-4 not defined because of singularities)
Estimate Std. Error t value Pr(>|t])

gl 0.27042 0.03583 7.547 8.91e-13 x*x
g2 0.38659 0.03592 10.763 < 2e-16 x*x
g3 -0.34299 0.03469 -9.888 < 2e-16 **x

Signif. codes: 0 “xxx’ 0.001 ‘%%’ 0.01 “x’ 0.05 “.” 0.1 “ 7 1
(Dispersion parameter for gaussian family taken to be 0.2576035)

Null deviance: 296.952 on 250 degrees of freedom
Residual deviance: 62.598 on 243 degrees of freedom
AIC: 379.29

Number of Fisher Scoring iterations: 2
$fit_E

Call:
stats::glm(formula = formula_step[[i]], family = family, data = data,
model = FALSE, y = FALSE)

Deviance Residuals:
Min 10 Median 30 Max
-1.28395 -0.36872 -0.04584 0.34695 1.39943

Coefficients: (-5 not defined because of singularities)
Estimate Std. Error t value Pr(>|t])

el 0.60837 0.02606 23.35 <2e-16 x*x

e2 0.39163 0.02610 15.00 <2e-16 x*x*

Signif. codes: 0 “x%x’ 0.001 “xx’ 0.01 “x” 0.05 “.” 0.1 * " 1

(Dispersion parameter for gaussian family taken to be 0.2576035)
Null deviance: 296.952 on 250 degrees of freedom
Residual deviance: 62.598 on 243 degrees of freedom

AIC: 379.29

Number of Fisher Scoring iterations: 2
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fit_nogxe = lm(y g+e,
summary (fit_nogxe)
AIC(fit_nogxe)
BIC(fit_nogxe)

data=data)
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> summary (fit)

Call:
Im(formula = y ~ g * e, data = data)

Residuals:
Min 10 Median 30 Max
-1.15368 -0.35649 0.01704 0.30678 1.20958

Coefficients:
Estimate Std. Error t value Pr(>|t])

(Intercept) 0.03031 0.03326 0.911 0.363

g 1.90725 0.07831 24.356 <2e-16 *xx
e 1.01905 0.01587 64.203 <2e-16 **x
g:e 0.48111 0.03937 12.219 <2e-16 **x

Signif. codes: 0 “%xx’ 0.001 ‘%%’ 0.01 “x’ 0.05 “.” 0.1 * 7 1

Residual standard error: 0.4755 on 246 degrees of freedom
Multiple R-squared: 0.9638, Adjusted R-squared: 0.9634
F-statistic: 2186 on 3 and 246 DF, p-value: < 2.2e-16
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library (LEGIT) # This uses the LEGIT package

## True model is Vantage sensitivity weak

GxE_test_RoSl1 = GxE_interaction_RoS(data=ex_van_w$data, genes=ex_
van_w$G, env=ex_van_wS$E, formula noGxE =y ~ 1)

GxE_test_RoS1

## True model is Differential susceptibility strong

GxE_test_RoS2 = GxE_interaction_RoS(data=ex_ds_s$data, genes=ex__
ds_s$G, env=ex_ds_sS$E, formula noGxE =y ~ 1)

GxE_test_RoS2
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(a) Testing the type of interaction
using the Regions of Significance
(RoS) approach. In grey areas, the
two lines (no gene variant vs one
gene variant) differ significantly.

(b) Testing the type of interaction using the Confir-
matory Competitive Models (CCM). The type of the
model depends on the location of the estimated cross-
overpoint.
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## Creating synthetic data

set.seed(666) # Random
N = 250 # Sample size

p =
beta = ¢c(0, 1,
# Genetic variants
gl = rbinom(n=N,
g2 rbinom(n=N,
g3 rbinom(n=N,
# Environments

el = rnorm(n=N, mean=0,

Il

size=1,
size=1,
size=1,

(demonic)

.25,
prob=.20)
prob=.25)
prob=.30)

sd=1)

.25,

e2
e3
noise =
E_y = betall]

I

+ beta[6]xg2xel
E_y + noise # Phenotype
data.frame(gl,g2,93,el,e2,e3)

y =
data =

rnorm (n=N,
rnorm (n=N,
rnorm(n=N, mean=0,
+ betal[2]xel + beta[3]xe2 + beta[4]xgl + beta[5]x*g2
+ beta[7]xglxel

sd=2)
sd=3)
sd=.50)

mean=0,
mean=0,

# Create interaction terms

datas$gl_el =
data$gl_e2 =
data$gl_e3 =
data$g2_el =
data$g2_e2 =
data$g2_e3 =
data$g3_el =
data$g3_e2 =
data$g3_e3 =

data$glxdataSel
data$glxrdatase2
dataS$glxdatase3
data$g2xdatasel
data$g2*datasSe2
data$g2xdatase3
data$g3xdatasel
data$g3xdatasSe2
data$g3rdatas$e3

seed to ensure the same results

.20 # Probability of having the genetic variant
2,-.50,.50,

-.25) # Weights

# Noise
+ beta[8]xglxe2

# Dataset
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> GxE_test_BIC2Sresults

BIC
Differential susceptibility STRONG "764.26"
Differential susceptibility WEAK "768.94"
Diathesis-stress WEAK "840.55"
Vantage sensitivity WEAK "856.41"
Vantage sensitivity STRONG "904.51"
Diathesis-stress STRONG "908.49"

crossover
"5.26"
"5.25"
nion

"OH

ngn

nion

crossover 95%
Differential susceptibility STRONG "( 4.55 / 5.97 )"
Differential susceptibility WEAK "(4.54 / 5.96 )"

Diathesis-stress WEAK "
Vantage sensitivity WEAK "
Vantage sensitivity STRONG "
Diathesis-stress STRONG "

Within observable range?

Differential susceptibility STRONG "Yes"
Differential susceptibility WEAK "Yes"

Diathesis-stress WEAK "
Vantage sensitivity WEAK "
Vantage sensitivity STRONG "
Diathesis-stress STRONG "
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fit = Im(y -

summary (fit)

g*e,

data=data)
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## Using 10-CV

if (!require("glmnet")) install.packages("glmnet") # Install
library(glmnet) # Load package

# cv.glmnet ask for a matrix, so we convert data to matrix
fit.glmnet <- cv.glmnet (as.matrix(data), y, family="gaussian")
coef (fit.glmnet, s = "lambda.min") # parameters after selection

## Using BIC

if (!require("remotes")) install.packages("remotes")

remotes::install_github("gabrielrvsc/HDeconometrics") # Install

library (HDeconometrics) # Load package

fit.ic.glmnet <- ic.glmnet(as.matrix(data), y, crit="bic"
family="gaussian")

as.matrix(coef(fit.ic.glmnet, s = "lambda.min"))
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## Creating synthetic data

set.seed(666) # Random (demonic) seed to ensure the same results
N = 250 # Sample size

p = .20 # Probability of having the genetic variant
beta = c(0, 1, 2, .50) # True weights of the GxE model
g = rbinom(n=N, size=1, prob=.20) # Genetic variant

e = rnorm(n=N, mean=0, sd=2) # Environment

noise = rnorm(n=N, mean=0, sd=.50) # Noise

E_y = betal[l] + betal[2]*e + betal[3]xg + betald]x*gxe

y = E_y + noise # Phenotype

data = data.frame(g,e,y) # Dataset
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> GxE_test_BIClS$results

BIC crossover
Vantage sensitivity WEAK "765.1" "o"
Differential susceptibility WEAK "770" "0.4"
Differential susceptibility STRONG "878.7" "2.63"
Vantage sensitivity STRONG "973.7" "o"
Diathesis-stress WEAK "991.88" "10"
Diathesis-stress STRONG "1121.14" "10"

crossover 95%
Vantage sensitivity WEAK "
Differential susceptibility WEAK "(0.07 / 0.74 )"
Differential susceptibility STRONG "( 2.18 / 3.09 )"
Vantage sensitivity STRONG "
Diathesis-stress WEAK "
Diathesis-stress STRONG "

Within observable range?
Vantage sensitivity WEAK "
Differential susceptibility WEAK "No"
Differential susceptibility STRONG "Yes"
Vantage sensitivity STRONG "
Diathesis-stress WEAK "
Diathesis-stress STRONG "
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## Creating synthetic data
library (LEGIT)

ex_van_w = example with crossover (N=250, c=0, coef _main = c
(3,1,2), sigma=1l, seed=666) # Vantage sensitivity weak
ex_ds_s = example_with crossover (N=250, c=5, coef_main = ¢

(3+45,0,2), sigma=1l, seed=666) # Differential susceptibility
strong
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> coef (fit.glmnet, s = "lambda.min")

16 x 1 sparse Matrix of class "dgCMatrix"
1

(Intercept) 0.011886152

gl -0.505125969
g2 0.535023269
g3 .

el 1.012259669
e2 1.973716232
e3 .

gl_el 0.225224167
gl_e2 -0.187229702
gl_e3 -0.023634429
g2_el 0.201338054
g2_e2 0.022208937
g2_e3 0.009843166
g3_el

g3_e2

g3_e3

> as.matrix(coef (fit.ic.glmnet, s = "lambda.min"))
[,1]

(Intercept) 0.01005402
gl -0.52275592
g2 0.55273328
g3 0.00000000
el 1.01505529
e2 1.97860036
e3 0.00000000
gl_el 0.23130963
gl_e2 -0.19996829
gl_e3 -0.03087405
g2_el 0.21213090
g2_e2 0.02680120
g2_e3 0.01443477
g3_el 0.00000000
g3_e2 0.00000000
g3_e3 0.00000000
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> summary (fit_bin_nogxe)

Call:
glm(formula = y_bin = g + e, family = binomial, data = data_lbin)

Deviance Residuals:
Min 10 Median 30 Max
-2.4234 -0.6603 0.1711 0.6817 2.6066

Coefficients:

Estimate Std. Error z value Pr(>|z]|

(Intercept) -0.1094 0.1837 -0.595 0.552

g 2.1241 0.5011 4.239 2.25e-05 *xx
e 1.0105 0.1318 7.668 1.74e-14 xx*x

Signif. codes: 0 “xxx’ 0.001 ‘%%’ 0.01 “%x” 0.05 “.” 0.1 * 7 1
(Dispersion parameter for binomial family taken to be 1)
Null deviance: 345.55 on 249 degrees of freedom

Residual deviance: 216.19 on 247 degrees of freedom
AIC: 222.19

Number of Fisher Scoring iterations: 5

> AIC(fit_bin_nogxe)
[1] 222.1902
> BIC(fit_bin_nogxe)
[1] 232.7546
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1| fit = elastic_net_var_select(data, 1list(G=G,E=E), y ~ GxE, alpha
= 1) # alpha = 1 corresponds to Lasso

2| summary (£it)

3| fit_best = best_model (fit, criterion="BIC")S$fit # Model with
lowest BIC

4| summary (fit_best)

Lambda Model index AIC AICc BIC gl g2 g3 el e2 e3
[1,] 0.60324138 1 NA NA NA O O 0 O 0 O
[2,] 0.41579088 5 NA NA NA O O 0 1 0 O
[3,]1 0.28658853 9 NA NA NA O O 0 1 1 0
[4,]1 0.26112879 10 429.2696 429.7324 453.9198 0 1 1 1 1 O
[5,1 0.21679371 12 379.2859 379.8834 407.4576 1 1 1 1 1 O
[6,] 0.01758481 39 381.2513 382.0013 412.9445 1 1 1 1 1 1

> summary (fit_best$fit)
Sfit_main

Call:
stats::glm(formula = formula, family = family, data = data, model = FALSE,
y = FALSE)

Deviance Residuals:
Min 10 Median 30 Max

-1.28395 -0.36872 -0.04584 0.34695 1.39943

Coefficients: (-3 not defined because of singularities)
Estimate Std. Error t value Pr(>|t])

(Intercept) 0.17649 0.03234 5.457 1.19e-07 **%*
G 0.88936 0.05390 16.500 < 2e-16 #**x
E 1.22564 0.04547 26.955 < 2e-16 x*x
G:E 0.28481 0.07235 3.936 0.000108 *xx*

Signif. codes: 0 “xxx’ 0.001 ‘%%’ 0.01 “%x” 0.05 “.” 0.1 * 7 1
(Dispersion parameter for gaussian family taken to be 0.2576035)
Null deviance: 296.952 on 249 degrees of freedom

Residual deviance: 62.598 on 243 degrees of freedom

AIC: 379.29

Number of Fisher Scoring iterations: 2

$fit G

Call:
stats::glm(formula = formula_step[[i]], family = family, data = data,
model = FALSE, y = FALSE)
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> summary (fit_bin)

Call:
glm(formula = y_bin ~ g % e, family = binomial, data = data_lbin)

Deviance Residuals:
Min 10 Median 30 Max
-2.3794 -0.6766 0.1276 0.6940 2.5579

Coefficients:

Estimate Std. Error z value Pr(>|z|)

(Intercept) -0.1053 0.1815 -0.580 0.56200

g 2.5392 0.7818 3.248 0.00116 *x
e 0.9713 0.1369 7.096 1.28e-12 x*x
g:e 0.3751 0.4847 0.774 0.43899

Signif. codes: 0 “xxx’ 0.001 ‘%%’ 0.01 “x” 0.05 “.” 0.1 * 7 1
(Dispersion parameter for binomial family taken to be 1)

Null deviance: 345.55 on 249 degrees of freedom
Residual deviance: 215.49 on 246 degrees of freedom
AIC: 223.49

Number of Fisher Scoring iterations: 6

> AIC(fit_bin)
[1] 223.4884
> BIC(fit_bin)
[1] 237.5742
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1

2
3
4

fit en = Im(y gl+g2+el+e2+gl_el+gl e2+gl e3+g2_el+g2_e2+g2_e3,
data=data)

summary (fit_en)

AIC(fit_en)

BIC(fit_en)
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> GxE_test_RoS1l
$RoS
[1] -0.7194925 1.1724341

$int_type
[1] "Vantage sensitivity"

> GxE_test_RoS2
SRoS
[1] 5.010959 5.499870

$int_type
[1] "Differential susceptibility"
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> AIC(fit)
[1] 343.7444
> BIC(fit)
[1] 361.3517
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