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Preface

Maternal and Child Health, Life Course Health
Development, and the Life Course Research Network

Prior to 1900, the health of mothers and children was considered a domestic
concern. Childbirth was often supervised by untrained birth attendants such
as family members; basic care of sick children was rudimentary and undevel-
oped, with the unfortunate but all-too-real expectation that some children
would not survive into adulthood (Rosenfeld and Min 2009). With the advent
of scientific medicine in the nineteenth century, discoveries in bacteriology,
and other sanitary reforms, childbirth came under greater medical scrutiny,
and pediatric hospitals were established to care for ailing children. A greater
focus on maternal nutrition, the spread of scientifically supported birthing
practices, and other newly minted public health practices — along with
improved social and living conditions — led to dramatic decreases in infant
mortality rates and to improved child survival. In 1912, the Children’s Bureau
was established in the United States as a federal agency with responsibility
for assuring the health of mothers and children. In 1935, Title V of the Social
Security Act established the Maternal and Child Health Bureau (MCHB),
which today administers a broad range of programs to address the health
needs of the nation’s maternal and child health (MCH) population.

For most of the twentieth century, MCH programs and policies continued
to focus on two basic areas: (1) promoting healthy births by preventing mater-
nal and infant mortality and, more recently, (2) preventing premature births
and providing medical care for children with long-term medical and develop-
mental disorders. Success was marked by decreasing rates of maternal and
infant mortality but was challenged by persistent disparities in outcomes,
especially differences in infant mortality between White and African-
American children. Similarly, while great strides were made in reducing child
deaths due to infectious disease and improving the effectiveness, availability,
and quality of medical interventions for a range of childhood conditions from
hemophilia to complex congenital heart diseases, the number of children
reported as being disabled due to a chronic health problem rose dramatically
from 2% in 1960 to over 8% in 2011 (Halfon et al. 2012).

In the late 1980s, a new and rapidly converging set of research findings from
the life course health sciences began to recast the importance of early life on
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lifelong health (Ben-Shlomo and Kuh 2002; Halfon and Hochstein 2002).
Research that was particularly relevant to the MCH field revealed how:

* Preconception health and perinatal risk can impact birth outcomes and
have a sustained and long-term impact on child and adult health several
decades later.

* Susceptibility and sensitivity of the developing brain to adversity, as well
as to supportive and caring relationships, can be measured not only in
brain morphology but also using functional measures of cognitive and
emotional performance, including school readiness, academic perfor-
mance, and long-term mental health.

¢ Risky and chaotic family environments, and toxic and unpredictable social
environments, are transduced into a child’s biology, manifesting as disease
and causing changes in immune, inflammatory, and metabolic function
that can be linked with childhood health conditions like obesity and
ADHD and adult conditions like diabetes, hypertension, and heart disease,
to name a few.

These and other research findings also suggested new explanatory mecha-
nisms for seemingly intractable problems such as the persistent racial and
ethnic gaps in infant mortality. The dominant biomedical approach to treating
infant mortality focused on prenatal care and the prevention of pathological
signs and symptoms (e.g., eclampsia), but what the findings from the life
course health sciences began to suggest is that women’s preconception repro-
ductive capacity — including neuroendocrine response patterns, vascular
health, and stress reactivity — could condition their response to pregnancy, the
timing of parturition, and the likelihood of prematurity (Lu and Halfon 2003).
This work suggested that in addition to improving technical interventions to
pathophysiological responses that emerge during pregnancy by providing
access to high-quality prenatal care, more attention should be focused on
improving (if not optimizing) health during the preconception and intercon-
ception periods. This idea led to a set of new initiatives focused on girls” and
women’s reproductive health trajectories, including public health strategies to
improve preconception health and research strategies to better understand
how adversity impacts reproductive health across the life course.

For the past two decades, there has been a growing recognition across the
MCH community that life course health science is building an important evi-
dence base about the central and vital role of health during the prenatal period
and the early years on subsequent lifelong health (Halfon and Hochstein 2002;
Galobardes et al. 2004 and 2008; Power and Kuh 2013). Research on the
changing epidemiology of childhood chronic illness and the growing number
of longitudinal studies documenting the legacy of chronic illness in childhood
on patterns of adult health, morbidity, and mortality are also connecting the
dots between child health and the potential for healthy aging (Halfon 2012;
Wise 2004; Wise 2016). As the United States experiences rapidly rising health-
care costs due to rapidly increasing rates of chronic disease and multi-morbidity,
life course health science is shining a light on the early part of the life-span
when preventable risks are setting in motion the inflammatory, neuroendocrine,
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and metabolic processes that predispose an individual to degenerative chronic
disorders manifested decades later. The recent IOM report Shorter Lives,
Poorer Health that explores why the United States is the sickest of rich nations
also highlights that the health of children in the United States falls far behind
the health of children in other nations and that these life course determinants
cannot be ignored (Woolf and Aron 2013).

Perhaps the most salient and obvious reason for MCH to adopt a life
course perspective has come from the epidemic of childhood obesity, which
has demonstrated how childhood growth can influence rates of the most com-
mon and costly adult health conditions, including diabetes and cardiovascular
disease (Gillman 2004). It has also shown how a mother’s prenatal health,
along with her preconception weight, influences pregnancy outcomes, the
likelihood that an infant will be obese, and the potential for lifelong obesity
and resultant comorbidities (Oken and Gillman 2003; Gillman et al. 2008).

For at least the past two decades, life course health science research has
been reframing our approach to many persistent health and health-care issues,
from infant mortality to obesity, and from school readiness to lifelong cogni-
tive potential and reserves. This research has influenced thought leaders,
researchers, policymakers, and service providers to consider the importance
and essential role of MCH as a vehicle for improving health outcomes for
mothers and children and, ultimately, for the population as a whole. In 2010,
as MCHB celebrated its 75th birthday, Peter Van Dyck, the Associate
Administrator of the Health Resources and Services Administration and
Director of MCHB, announced that the Bureau intended to launch a national
dialogue about the importance of life course health science in reaching MCH
goals. He also highlighted how MCH could use this science to help research,
programs, policies, and partnerships coalesce around moving life course the-
ory into life course practice. The transformation would be accomplished by
an integrative approach to understanding how health and disease develop.
However, although this transformation is aimed at creating a rigorous
approach to the study of the development of heath across the life-span, there
is no doubt that there are still many outstanding questions about the relation-
ship between early experiences and lifelong health and well-being, and about
how existing and emerging knowledge can be applied to the development of
evidence-based practice and policy.

Unfortunately, the lack of a strong research and data infrastructure, cou-
pled with limits on funding currently available in the United States to support
the development of new methodologies and collaborative approaches, has
hampered the production of the transformative, transdisciplinary, and transla-
tional research that is needed to advance the emerging field we have termed
“life course health development” (LCHD). Moreover, the fact that research-
ers who are interested and engaged in LCHD research continue to work in
discipline-specific silos has been a significant impediment to rapid progress.
In recognition of and response to these challenges, in 2010, MCHB issued a
Request for Proposals to develop a Maternal and Child Health Life Course
Research Network (LCRN) that would be charged with providing a virtual
platform and undertaking a set of activities that would together serve as a new
infrastructure for catalyzing progress and enhancing funding to support basic,
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theoretical, and applied and translational LCHD research of relevance to
MCH practice and policy.

The UCLA Center for Healthier Children, Families, and Communities — with
the support and participation of a diverse array of colleagues from around the
United States — submitted a successful application to establish an LCRN with
the following goals:

1. Engage a diverse, active, and sustainable community of LCHD
stakeholders.

2. Increase capacity for, engagement in, and production of LCHD research.

3. Catalyze the translation and application of LCHD research to practice and
policy.

To launch the LCRN, the UCLA team initiated a strategic network design
process that engaged individuals with substantial expertise in health develop-
ment, as well as those with deep knowledge of the science of network devel-
opment and facilitation. This strategic design process included a series of
interviews with key informants (see http://www.lcrn.net/tag/expert-inter-
views), as well as an in-person meeting of the network’s 30-member design
team that resulted in the approval of the LCRN charter (see http://www.lcrn.
net/wp-content/uploads/2012/07/LCRN-charter-2.pdf), the development of a
scope of work comprised of specific activities intended to achieve the net-
work’s aims, a concept for the network’s online presence including a website
and social networking platform, and the constitution of an advisory commit-
tee that would provide UCLA project staff with guidance for the duration of
the project (see http://www.lcrn.net/about).

Following the design meeting, project staff undertook a process to develop
a series of background papers that would serve as the basis for the MCH Life
Course Research Agenda-Setting Meeting that took place in February of
2013 in order to achieve the following aims:

1. Catalyze a paradigm shift in how researchers, practitioners, and policy-
makers think about, understand, and promote LCHD.

2. Evaluate, refine, and determine the utility of the seven proposed principles
of LCHD.

3. Identify the ways in which the topics discussed at the meeting are con-
verging and/or diverging across disciplines.

4. Identify knowledge that is ready for application in order to assist MCH
and other practitioners in taking advantage of what we know now and
speeding the progression from research to translation.

5. Provide recommendations that will enable the LCRN to develop an MCH
Life Course Research Agenda (LCRA) that includes priorities in the areas
of basic research, translational research, and methods and data
development.

6. Provide background paper authors with input that will advance their
papers toward completion and publication.

7. Identify next steps for both the LCRN and the LCHD field as a whole.


http://www.lcrn.net/tag/expert-interviews
http://www.lcrn.net/tag/expert-interviews
http://www.lcrn.net/wp-content/uploads/2012/07/LCRN-charter-2.pdf
http://www.lcrn.net/wp-content/uploads/2012/07/LCRN-charter-2.pdf
http://www.lcrn.net/about
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Background paper topics were selected by project staff with the input of
the LCRN advisory committee and MCHB staff, and included topics that
were selected strategically due to their potential to enhance our understand-
ing of health development and advance the LCHD field, as well as topics that
were selected more opportunistically when researchers learned of the project
and wanted to ensure that the issues of importance to them had a chance of
making it into the preliminary version of the LCRA, version 1.0 (see conclud-
ing chapter of this volume).

The 2013 agenda-setting meeting brought together 90+ invited stakeholders
including researchers, practitioners, policymakers, funders, and other thought
leaders from the United States, Canada, and the United Kingdom. Over the
2-day meeting, participants engaged in a highly facilitated process of reviewing
the evidence base and providing the background paper authors with the feed-
back they would need to complete their research and develop a set of recom-
mended research priorities. A highlight of the meeting was to critically examine
the seven proposed principles of LCHD (see Halfon and Forrest in this volume)
that were intended to provide a more unified theoretical foundation and a more
consistent set of terminology for this emerging field.

Following the agenda-setting meeting and in response to the enormous
amount of momentum and enthusiasm generated among the participants,
UCLA staff, again with the guidance of the LCRN advisory committee and
representatives from MCHB, began to pursue development and publication of
a volume that would contain revised versions of the background papers, as
well as several chapters to be commissioned based on gaps identified at the
agenda-setting meeting, plus a preliminary version of the LCRA. To this end,
a four-member LCRN editorial team was constituted and charged with work-
ing closely with the background paper authors to ready their drafts — with a
particular focus on trying to align the chapters with regard to the terminology
and, more importantly, the conceptual frameworks underlying the writings —
for inclusion in the Handbook of Life Course Health Development, and
develop additional chapters and material as needed.

Concurrent with the preparation of this volume, the LCRN has produced
three unique webinar series, organized research nodes focused on particular
topic areas, developed strategic partnerships aimed at enabling the translation
of LCHD research to practice and policy, and produced several peer-reviewed
publications, among other activities. We invite readers to learn more about
the LCRN — including how to join — at lcrn.net.
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1 Introduction

Over the past several decades, countless studies
have linked early life events and experiences with
adult health conditions, delineating the develop-
mental origins of common chronic health condi-
tions and specifying the processes by which both
adversity and opportunity are integrated into
developing biobehavioral systems (Baltes et al.
2006; Bronfenbrenner 2005; Elder et al. 2015). As
a result, there is a greater understanding of how
health and disease develop, which is leading to
new kinds of individual- and population-level
strategies that have the potential to prevent disease
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and optimize health by minimizing the impact of
adversity, increasing protective factors, and target-
ing health-promoting interventions to coincide
with sensitive periods of health development.
Insights and evidence from life course chronic
disease epidemiology have converged with
research from the fields of developmental biol-
ogy, neuroscience, and developmental science,
with studies of typical and atypical development
and with new findings from research examining
the developmental origins of chronic disease.
This wide-ranging research, all focused on under-
standing how health and disease develop, has
involved researchers from a wide variety of dis-
ciplines. Life-span developmental psychologists,
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life course-focused sociologists, human capital-
focused economists, and political scientists
studying the structure of social institutions are
not only studying the same developmental pro-
cesses; they are also working alongside epidemi-
ologists, physicians, and basic scientists to better
understand how health develops over the life
course and how these health development pro-
cesses promote human flourishing.

In response to this burgeoning knowledge,
there is growing momentum among practitioners
and policymakers to “connect the dots” between
what we know and what we do, that is, between
the rapidly expanding evidence base from the
emerging field of life course health development
(LCHD) and the practices and policies that are
implemented within the fields of medicine, public
health, nursing, mental health, education, urban
planning, community development, social wel-
fare, and others (Halfon et al. 2014; Kuh et al.
2013; Braveman 2014; Gee et al. 2012; Lappé
and Landecker 2015). At the same time, there is a
strong impetus among researchers to continue to
fill the substantial gaps in our knowledge and to
ensure that research findings are appropriately
synthesized and translated before being applied in
clinical, public health, or public policy contexts.

Comprised of 26 chapters that grew out of the
2013 Maternal and Child Health (MCH) Life
Course Research Agenda-Setting Meeting that
was organized by the MCH Life Course Research
Network (LCRN) and funded by Health Resources
and Services Administration-Maternal and Child
Health Bureau (HRSA-MCHB), this volume rep-
resents a groundbreaking effort to explore the his-
tory of the LCHD field, to take stock of what we
know and do not know about how health and dis-
ease develop, to provide practitioners and policy-
makers with guidance regarding the kinds of
interventions and efforts that can be beneficial, and
to lay the foundation for a research agenda that
identifies high-priority areas for basic, clinical,
population, and translational investigations in
order to strategically target resources and efforts
and advance the life course health sciences.

Each chapter is written by a team of leading
experts that often spans several different disciplines
and therefore reflects a wide range of perspectives
on how innovative research, practice, and policy

can begin to address our most pressing health chal-
lenges. Similarly, the volume’s four editors repre-
sent different disciplines and perspectives that were
brought to bear on the process of selecting topics
and authors and on ensuring that each chapter
makes a substantial contribution to the field.

In this introductory chapter, we begin by pro-
viding a rationale for the publication of this vol-
ume, including an historical overview that traces
the emergence of the LCHD field and provides
evidence of a significant, but as yet incomplete,
transformation in how we think about and pro-
mote health. We go on to describe the purpose,
structure, and content of the volume and to exam-
ine some of the challenges for further field build-
ing in this area. Finally, we provide readers with
information about each section and chapter in
this volume, including the impressive back-
grounds of the various experts who contributed
substantial amounts of both time and original
thinking in their roles as authors.

2 Rationale

2.1 The Emergence of a New Field

The science of health has been guided for well
over 150 years by a mechanical model that views
the body and its component cells as machines
and views disease as a breakdown in organ struc-
ture and function. Person-environment relation-
ships as causes of disease are either ignored or
relegated to secondary concerns. Even though the
oversimplified perspective of the body as a
machine has been largely abandoned, reducing
physiologic and behavioral phenomena to their
smallest observable constituent parts remains a
mainstay of the biomedical model that dominates
contemporary health sciences. This reductionist
approach may tell us how parts of a neuron work,
but it does not provide an appropriate model for
understanding how the nervous system works,
how we think, or what produces consciousness
(Capra 1982). Even fields like human genomics
are moving away from the simplistic notion of
single-gene causation, which has failed to yield
substantial insights into disease causation, to
research on genetic networks and epigenetics
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(Huang 2012; Lappé and Landecker 2015).
Complex disorders that manifest as a spectrum of
phenotypic variability — including cardiovascular
disease, obesity, diabetes, and autism — are
increasingly understood as manifestations of
relations among networks of genes and complex
gene-environment coactions that are mediated by
equally complex time signatures and temporal
coupling. Moreover, the mechanical model of
health cannot account for placebo effects, the
mind’s effects on the body, or psychosomatic ill-
ness. It presupposes a mind-body dualism and
reifies the distinction between physical and men-
tal health, a vestige of the Cartesian mind-body
split (Overton 2015). A reductionist approach to
understanding health is inadequate for addressing
how different molecular, physiologic, social, and
environmental networks work together to pro-
duce dynamic stability and change, which are the
cornerstones of health outcome trajectories.

Many fields of science — including physics,
biology, and the social sciences (especially devel-
opmental science) — have shifted from a Cartesian-
Newtonian mechanistic ontology to a more
complex system-oriented ontology (Lerner 2012).
The mechanistic view divides the world into sepa-
rate or split categories (e.g., nature versus nurture)
and reduces it into discrete elements (genes, behav-
iors, molecules) that are combined, added, and
assembled to form what we perceive as biological
phenotypes, patterns of behavior, and personali-
ties. As Overton (2012) and others have described,
this revolutionary shift in the epistemological and
ontological foundations of science took place dur-
ing the twentieth century as Newtonian physics
gave way to general relativity theory and as con-
temporary formulations of knowing the world
were shown to lack explanatory power and utility
(Aldwin 2014). Thus, the need for new models that
explain the complex phenomena of human health
development became apparent.

The synthesis of human health development
as explained by theories associated with rela-
tional developmental systems (RDS) metatheory
is replacing the now anachronistic mechanical
model of health (Lerner and Overton 2008;
Lerner 2012; Overton 2012). Overton (2015)
explains that compared to earlier formulations
of understanding human development, RDS

metatheory focuses on process (systematic
changes in the developmental system), becoming
(moving from potential to actuality; a develop-
mental process as having a past, present, and
future; Whitehead 1929/1978), holism (the mean-
ings of entities and events derive from the con-
text in which they are embedded), relational
analysis (assessment of the mutually influential
relations within the developmental system), and
the use of multiple perspectives and explanatory
forms. Within RDS metatheory, the organism is
seen as inherently active, self-creating (autopoi-
etic), self-organizing, self-regulating (agentic),
nonlinear and complex, and adaptive (Overton
2015).

The RDS metatheory emphasizes the study
and integration of different levels of organization
ranging from biology and physiology to culture
and history as a means to understand life-span
human development (Lerner 2006; Overton
2015). Accordingly, the conceptual emphasis in
RDS theories is placed on mutually influential
relations between individuals and contexts, rep-
resented as individual < context relations. In a
bidirectional relational system, the embedded-
ness within history (temporality) is of fundamen-
tal significance (Elder et al. 2015). The presence
of such temporality in the developmental system
means that there always exists some potential for
systematic change and, thus, for (relative) plas-
ticity in human development. In short, potential
plasticity in individual < context relations
derives from the “arrow of time” (Lerner 1984;
Lerner and Callina 2014; Overton 2015) running
through the integrated (relational) developmental
system. Such plasticity also suggests that there
are multiple developmental pathways, across the
life-span.

Similar conceptual advances have also been gen-
erated by systems biology, which focuses on the
complex interactions of biological systems using a
holistic framework and integrative relational strate-
gies rather than traditional reductionist approaches
(Kitano 2002; Antony et al. 2012; Schadt and
Bjorkegren 2012, Kandel et al. 2014). This transfor-
mation has been catalyzed by a greater appreciation
of dynamical system theory and, more specifically,
complex adaptive system theory and its application
to molecular biology (Huang 2012). Moreover, as
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our understanding of epigenetics and systems biol-
ogy has matured, new insights into how complex
gene regulatory networks produce multilevel and
multidirectional relationships between genotype
and phenotype have been elucidated (Foster 2011,
Huang 2012; Piro and Di Cunto 2012; Schadt and
Bjorkegren 2012; Greenblum et al. 2012; Davila-
Velderrain et al. 2015). This new knowledge would
not have been acquired using reductionist statistical
models that analyze data by reducing them to their
smallest components and estimating marginal
effects of linear models.

In summary, the study of human development
has evolved from a field dominated by split, reduc-
tionist (psychogenic or biogenic) approaches to a
multidisciplinary field that integrates observations,
evidence, and analysis that spans from biological
to cultural and historical levels of organization
across the life-span (e.g., Elder et al. 2015; Ford
and Lerner 1992; Gottlieb 1998; Lerner and
Callina 2014). Reductionist accounts have given
way to a more integrated framework associated
with RDS metatheory (Overton 2015; Lerner
2006). Across the past several decades, several
scholars have provided ideas contributing to the
evolution of this metatheory (e.g., Baltes et al.
2006; Bronfenbrenner 2005; Elder et al. 2015;
Lerner 2006; and, even earlier, see von Bertalanffy
1933).

For instance, in psychology, the transition away
from what some have characterized as the radical
empiricism and atomism of the early behaviorist to
ideas akin to those associated with RDS-based
theories has followed a similar ontological path
(Lerner 2006; Lerner and Overton 2008; Overton
2010, 2012). As Arnold Sameroff explains, psy-
chologists were attempting to find and define the
laws that explain behavior and how the mind func-
tions (Sameroff 2010). As it became clear that any
particular individual- or population-level signal
explained very little of the observed variance in
behaviors, developmental scientists began to cre-
ate new techniques for analyzing intraindividual
patterns of change that focus on individuals’
unique person-environmental interactions and that
separate the behavioral signal from the noisy com-
plexity of life, especially for long-term predictive
purposes (Molenaar and Newell 2010; Sameroff

2010). Rather than reducing cognitive, emotional,
or overall mental function to its mechanistic com-
ponents, this more holistic approach views psy-
chological functioning as the product of a relational
nexus that defines an individual in association with
multiple contexts that interact dynamically over
time.

In the same way that biology and psychology
have faced the limits of reductionist mechanical
models, medicine and health sciences are also
experiencing the constraints of the biomedical
approach that focuses more on the components of
the organism than on the totality of human health.
While the biomedical model has been remark-
ably successful in defining the components of
human anatomy, physiology, biochemistry, and
metabolism, and has provided useful frameworks
for understanding simple mechanics of more lin-
ear disease processes (such as infectious dis-
eases), it is increasingly challenged by the
complexity of health development and by com-
plex disease pathways that emerge out of multi-
level and multiphasic processes that include
genetic, biological, behavioral, and whole-
organism processes (Halfon et al. 2014).

Similarly, at the clinical and population health
levels, simple mechanistic biomedical models, or
even more multifaceted biopsychosocial models
of health, have difficulty explaining a wide vari-
ety of health phenomena, such as how integration
of body systems and subsystems results in emer-
gent properties of health at the level of the indi-
vidual; how evolution constrains the timing and
plasticity of human health development; how epi-
genetic processes result in multiple intermediary
endophenotypes that may progress to pathologi-
cal phenotypes, hover in subclinical states, or
resolve; how the adaptive capacities of individu-
als and populations interact with rapidly chang-
ing physical, natural, chemical, social, and
nutritional environments to reprogram develop-
ing physiology and other regulatory processes
through epigenetic modulations of previously
selected biological and behavioral scripts; and
how integration occurs between biological,
behavioral, and environmental systems, orga-
nized and driven by adaptive routines structured
around different developmentally entrained time
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horizons. These conundrums have challenged
health researchers to develop new frameworks to
explain how each of these complex processes
contributes to the development of health over
time (i.e., contribute to health development).

2.2 The Maturation of the LCHD

Field

A vast amount of empirical literature investigat-
ing the developmental, genomic, and epigenetic
origins of health and disease — as well as on the
epidemiology of chronic disease across the life
course — has been generated in the past two
decades (Halfon and Hochstein 2002; Kuh and
Ben-Shlomo 2004; Gluckman and Hanson
2004; Gluckman et al. 2008; Kuh et al. 2013;
Berkman et al. 2014; Halfon et al. 2014; the
evolution of life course health science is
reviewed in Halfon and Forrest 2017). New aca-
demic research journals and international
research organizations have been spawned that
focus on the developmental origins of health
and disease. Established professional organiza-
tions now include life course and epigenetic and
developmental origins of health and disease
(DOHaD) tracts at their research meetings, and
many major scientific journals have published
special issues packaging articles that focus on
biological embedding, epigenetics, or other dis-
ease-causing mechanisms that are framed from
a life course perspective. The US National
Academy of Sciences and National Academy of
Medicine have both issued several reports on
the health, social, and behavioral determinants
of health, health measurement, health dispari-
ties, and health-care improvement that have
incorporated a life course perspective, and the
recent framework for the US Healthy People
2020 goals was upgraded to include life course
as an organizing principle of the overall frame-
work (Committee on Future Directions for
Behavioral and Social Sciences Research 2001;
Committee on Evaluation of Children’s Health
2004; Committee on the Recommended Social
and Behavioral Domains and Measures for
Electronic Health Records 2015).

Perhaps the biggest stimulus for thinking dif-
ferently about origins and development of chronic
disease came from a series of provocative studies
that were conducted by David Barker and his
team. Beginning in the 1980s, Barker’s studies
began to describe how the prevalence of heart dis-
ease in specific areas of England was related to the
distribution of birth weights in those same regions.
Barker and others went on to use longitudinal
datasets to solidify these observations that birth
weight, and the nutritional environment and expo-
sures of the fetus and infant, had a direct influence
on the development of heart disease that was often
only clinically recognized many decades later
(Barker et al. 1989, 1993; Barker 1995). These
startling findings challenged conventional models
of direct or cumulative risk that posited that heart
disease was the result of either contemporaneous
or lifelong risks including poor nutrition, lack of
exercise, smoking, or other behaviors and sug-
gested that there were important latent effects of
early nutrition that were somehow conditioning
later pathological response patterns. Barker’s stud-
ies brought attention to other research with similar
findings that were less dramatic but entirely con-
sistent with the latent lifelong effects that the
Barker studies were revealing. As a result, devel-
opmental time frames started to become an impor-
tant consideration, and the timing of exposures
and the recognition of sensitive periods of devel-
opment all took on new salience.

As this new perspective on the developmental
origins of chronic disease began to unfold, there
was also another emerging set of new constructs
coming into play in what is now termed the field
of population health. Following on in the tradi-
tion of the 1974 Lalonde Report (produced under
the aegis of Canadian Minister of National Health
and Welfare) that challenged the dominance of
the biomedical model and proposed that
the health field needed to consider biology, envi-
ronment, lifestyle, and health-care organization,
a broad multidisciplinary team of Canadian
researchers led by the economist Robert Evans
began to ask: why are some people healthy and
others not? (Hancock 1986; Evans et al. 1994).
This question led not only to a consideration of
the crucial influence of upstream social and
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behavioral determinants on individual and popu-
lation health but also to a concern about how
early social environments can mold lifelong
health trajectories.

Leading this exploration of the developmental
role that upstream social factors on health and
development for the Evans-led team was Clyde
Hertzman. Hertzman went on to solidify his anal-
ysis about the importance of what at the time he
termed “biological embedding” through a series
of studies, analyses of other studies, and reinter-
pretations of existing literature through this new
life course health development lens. In addition
to publishing several important articles of con-
ceptual synthesis, Hertzman and Daniel Keating
edited the volume Developmental Health and the
Wealth of Nations in which they unpacked the
impact of social gradients on health development
and began to specify how different time-specific
and pathway effects were at play early in devel-
opment (Hertzman 1999; Keating and Hertzman
1999; Hertzman and Boyce 2010). They synthe-
sized a wealth of evidence on how early experi-
ence affects a child’s brain development, social
and emotional functioning, and overall health
capacities (Hertzman 1994; Keating and
Hertzman 1999). The Evans and Hertzman work
in Canada emerged about the same time that the
Independent Inquiry into Inequalities in Health
Report (1998) led by Sir Donald Acheson was
released in the UK (Acheson 1998). This review —
whose panel of experts included David Barker,
Michael Marmot, and Hilary Graham, among
others — very clearly identified how many health
inequalities have their roots in the conditions and
experience of mothers and children, with impacts
that feedforward across the life-span.

Diana Kuh and Yoav Ben-Shlomo edited a
volume entitled A Life Course Approach to
Chronic Disease Epidemiology, first published in
1997, which coined the term “life course epide-
miology” and presented for the first time a series
of articles that integrated the empirical research
on several specific types of disease from a life
course perspective (Kuh and Ben-Shlomo 1997).
This work was followed by a second edition in
2004 that updated each of the chapters on the life
course approach to obesity or the life course

approach to cardiovascular disease, and that
began to provide an overarching framework
including chapters on life course pathways to
adult health (Kuh and Ben-Shlomo 2004). In that
volume, there were chapters on “Life course
approaches to differentials in health” (Davey
Smith and Lynch 2004), “A life course approach
to obesity” (Gillman 2004), “Socioeconomic
pathways between childhood and adult health”
(Kuh et al. 2004), and “Should we intervene to
improve childhood circumstances” (Boyce and
Keating 2004). Kuh and Ben-Shlomo have gone
on to edit a series of books on life course chronic
disease epidemiology that continue to analyze
and synthesize the literature on health develop-
ment from a life course perspective (Lawlor and
Mishra 2009; Kuh et al. 2013).

In 2000 (Halfon et al. 2000) and 2002 (Halfon
and Hochstein 2002), Halfon and colleagues
reviewed and synthesized several different life
course-focused research streams and suggested
that beyond its increasingly well-documented
importance for understanding the mechanisms
involved with the origins and development of
health and disease, this new life course approach
was of profound importance for a consideration
of how health care should be organized, financed,
and delivered. They also suggested that some
general principles were emerging and beginning
to outline a new model or framework that they
termed “life course health development.” At the
same time, many other scientists provided their
own synthesis of this emerging literature and
what they considered to be its implications for
health, health-care delivery, and health policy
(Ben-Shlomo and Kuh 2002; Halfon and
Hochstein 2002; Lu and Halfon 2003; Forrest
and Riley 2004; Worthman and Kuzara 2005).
These various attempts at synthesizing the evi-
dence from this new field constituted a tipping
point, and over the next decade, the number of
empirical studies accelerated at a much faster
pace as the early objections to the “Barker
hypothesis” melted away in the wake of many
confirmatory studies, and the explanatory power
of this new conceptualization began to take hold.

This early LCHD synthesis highlighted the
linked importance of biological conditioning; the
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role of multiple, ecologically nested risk, protec-
tive, and promoting factors in influencing health
trajectories; the developmental significance of
different time frames; and the evolution of differ-
ent health development pathways in relationship
to particular socially, culturally, and biologically
specified transitions and turning points in an indi-
vidual’s life (Halfon and Hochstein 2002). Over
the intervening decade, research has continued to
accelerate, advancing in the use of more sophisti-
cated methodologies; employing new and rapidly
advancing epigenetic, genomic, and other tech-
niques from systems biology; and, at the same
time, supporting and providing more concrete
evidence on behalf of these early summative con-
cepts. These threads of scientific inquiry have
coalesced to form a network of research that has
produced a much more robust and integrated con-
ceptual framework.

3 The Purpose, Structure,
and Content of This Volume

The absence of an integrative conceptual frame-
work through which scientists could organize
and extend the manifold insights about the indi-
vidual and contextual processes involved in the
development of health across the life course was
a fundamental challenge constraining the accep-
tance and understanding of a LCHD perspective
(Halfon et al. 2014; Hanson and Gluckman
2014). However, as noted above, empirical and
conceptual advances over the last 30 years have
crystallized in the generation, and growing
acceptance, of just such an integrative perspec-
tive. As a result, the life course health sciences
are rapidly maturing and progressing, and the life
course health development framework is coming
into clearer focus. Nevertheless, there remain a
number of challenges and growing pains that are
evident as scientists, clinicians, and public health
professionals from different fields attempt to
incorporate LCHD notions into already estab-
lished areas of scholarship, practice, and policy
development.

For example, the definitions of terms are not
always clear, some terms are being redefined to

be integrated into this new approach, and other
concepts and constructs are adopted before their
meaning and significance are fully vetted and
analyzed. Good examples of these challenges
include terms like “sensitive and critical periods,”
“developmental  programming,”  “biological
embedding,” “trajectories,” and “pathways.”
Terms like “programming” have been criticized
as being too deterministic given the implication
that a certain experience or set of risk factors can
program a disease pathway; such a term eschews
the nature of developmental plasticity and the
phenotypic range that can emerge as the organ-
ism or individual encounters other experiences.
Hanson and Gluckman have suggested that a
term like priming, induction, or conditioning be
used to describe the process by which an expo-
sure or experience induces a phenotypic altera-
tion that prepares the organism for a similar
environmental challenge later in the life course
(Hanson and Gluckman 2014). Throughout this
volume, we have sought and encouraged the
authors to avoid terms like programming and bio-
logical embedding in favor of conditioning or
priming. Similarly, notions of critical periods
have been part of embryology for over a century,
and many biologists will refer to critical periods
in biological development as a specific time that
usually starts and ends abruptly and during which
a given event or its absence has a specific impact
on development. The experiments by Hubel and
Wiesel to examine the development of the visual
cortex seemed to indicate that there were critical
periods for specific complex neurons to develop
(Hubel and Wiesel 1977). However, most devel-
opmental science suggests that because of the
inherent plasticity in human development and in
many specific regulatory systems, the term “sen-
sitive period” is less deterministic and therefore
much more appropriate.

In addition to the confusion around terminol-
ogy, Hanson and Gluckman suggest several other
reasons for why the related concept of develop-
mental origins of health and disease has faced
challenges, including confusion between factors
correlated with disease and those involved in
causation, the assumption that the only pathway
connecting early exposures and later disease was
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low birth weight, a lack of plausible biological
mechanisms, a failure to recognize developmen-
tal origins under normal rather than under
extreme conditions, and the lack of evidence of
its relative importance in relationship to other
risk factors (Hanson and Gluckman 2014).
Whereas all of these challenges are important
and have begun to be addressed, the relative risk
issues have been some of the most daunting since
these questions require longitudinal data over
very long time horizons to tease out.

This volume is designed to address these chal-
lenges and bridge the resultant gaps, including
the delay in broad acceptance and understanding
of how health develops across the life-span
(Hanson and Gluckman 2014), as well as in the
translation of that perspective to health practice
and policy.

Each of the six sections comprising this vol-
ume was conceptualized during the process of
planning the LCRN’s 2013 MCH Life Course
Research Agenda-Setting Meeting, with the ulti-
mate goal of informing the development of an
MCH Life Course Research Agenda (LCRA) that
would provide MCHB, the National Institutes of
Health (NIH), and other funding institutions and
organizations with guidance regarding priority
research questions and topics worthy of invest-
ment. With input from the LCRN advisory com-
mittee, project staff determined that the LCRA
(Sect. 6), which is in many ways the culmination
of the LCRN's 6 years of work to date, would
have to address theoretical concerns (Sect. I), spe-
cific periods of the life course (Sect. II), specific
health conditions (Sect. III) — some common and
some rare but nevertheless important because of
their severity or their representativeness of a set of
conditions sharing similar life course origins and/
or implications — cross-cutting topics in LCHD
(Sect. IV), and methodological issues (Sect. V) to
support researchers in carrying out the kinds of
studies the research agenda would call for.

Similarly, the majority of the chapter topics
contained in this volume were selected early on
in the development of the agenda-setting pro-
cess. However, as noted in the Preface, several
chapters were commissioned following the
2013 agenda-setting meeting in response to
identified gaps, and others were selected based

on author interest in submitting a chapter for
inclusion in the agenda-setting process and/or
published volume. The editors acknowledge
that several important topics have not been
included in this edition of the volume. In some
cases, this omission was due to the difficulty of
identifying a qualified author/author team will-
ing to develop a chapter on a given topic; in
other instances, chapters were commissioned
but not completed in time for inclusion in this
edition. It is the editors’ hope that future edi-
tions of this volume will address these worthy
topics through new chapters on topics ranging
from asthma and ADHD to family experiences,
mental health conditions, and LCHD measures
and biomarkers, among others. For now, how-
ever, it is our hope that readers will appreciate
the range of topics included in this edition and
the potential for these 26 chapters — all of which
synthesize existing LCHD research, identify
knowledge gaps, and/or recommend priorities
related to future research and efforts to ensure
the appropriate and timely translation of that
research into practice and policy — to have a sig-
nificant impact on how LCHD stakeholders
think about, study, and work to promote health.

Chapters “Middle Childhood: An
Evolutionary-Developmental ~ Synthesis” and
“Pregnancy  Characteristics and Women’s
Cardiovascular Health” contain modified ver-
sions of previously published reviews and analy-
ses of existing research. Given the relatively
recent emergence of the field of LCHD and our
goal to further coalesce that field through the
publication of this volume, we thought it impor-
tant to include the content in the handbook so that
the important research both chapters contain
could be situated firmly within the growing body
of LCHD research and have a meaningful influ-
ence on the content of the LCRA.

3.1 Section I: Emerging

Frameworks

This section contains a single chapter by pediatri-
cians and public health experts Neal Halfon, MD,
MPH, and Christopher B. Forrest, MD, PhD,
entitled The Emerging Theoretical Framework of
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Life Course Health Development (Halfon and
Forrest 2017). The authors — who also served as
two of the editors of the volume — propose a set
of principles that together form a more unified
theoretical framework for the emerging LCHD
field. These principles have the potential to guide
future theory building, research, and policy per-
taining to optimizing health development in the
USA and abroad. Each subsequent chapter refers
to the principles when appropriate to demonstrate
how they can help to explain empirical findings
or set the stage for future inquiry.

3.2 Section Il: Life Stages

Section II is comprised of six chapters exploring
health development from the preconceptional/
prenatal period to early adulthood. Each describes
the kinds of experiences and exposures that result
in more (or less) optimal outcomes during a given
developmental period and the importance of that
period for outcomes over the remainder of the
life course. As such, this section of the volume
grounds the literature reviewed about each life
stage firmly within the LCHD framework.

Preconception and Prenatal Factors and
Metabolic Risk — by pediatrician, MCH
researcher, and molecular epidemiologist
Xiaobin Wang, MD, MPH, ScD, and colleagues
Guoying Wang, MD, PhD, and Tami R. Bartell —
examines health during the earliest part of the
life course, reviewing what is known about the
mechanisms underlying both its sensitivity to
alterations in the intrauterine environment. The
authors explain the importance of this life period
for lifelong and transgenerational health, includ-
ing links to obesity, diabetes, cardiovascular dis-
ease, behavioral and psychiatric disorders, and
more (Wang et al. 2017).

Early Childhood Health and the Life
Course: The State of the Science and Proposed
Research Priorities was authored by social epi-
demiologist and developmental-behavioral
pediatrician W. Thomas Boyce, MD, and the
late Clyde Hertzman, MD, MSc, who, as noted
in this introduction, played a central role in
delineating early childhood development as a
determinant of lifelong health. The chapter

reviews the literature regarding the suscepti-
bility of young children to social environmen-
tal conditions, explains how variation among
individuals in terms of both their susceptibility
and their exposures helps to explain variation
in health development outcomes, and examines
the process by which early adversity becomes
biologically embedded (Boyce and Hertzman
2017).

Marco Del Giudice’s chapter on Middle
Childhood: An  Evolutionary-Developmental
Synthesis demonstrates the unique significance of
middle childhood by examining — from an evolu-
tionary perspective — the cognitive, behavioral,
and hormonal processes that characterize this life
stage, as well as its function as a switch point in
the adaptive development of life history strate-
gies and the implications for life course health
development (DelGiudice 2017).

Adolescent Health Development: A Relational
Developmental Systems Perspective is the result
of collaboration among experts in developmental
psychology, human development, public health,
and pediatrics. The authors are Richard
M. Lerner, PhD; Claire C. Brindis, DrPH; Milena
Batanova, PhD; and Robert Wm. Blum, MD,
MPH, PhD. This chapter relates the seven pro-
posed principles of LCHD to the Relational
Developmental Systems (RDS) metatheoretical
perspective, illustrating their interrelationships
and differences. The authors discuss the implica-
tions of both conceptual frameworks for studying
the life course origins and impact of adolescent
health and for promoting thriving during adoles-
cence (Lerner et al. 2017).

Early Adulthood as a Critical Stage in the
Life Course was produced by a group of authors
with expertise in pediatrics, occupational ther-
apy, psychology, and public health. In this chap-
ter, David Wood, MD, MPH; Tara Crapnell,
ORD, OTR/L; Lynette Lau, PhD; Ashley
Bennett, MD; Debra Lotstein, MD, MPH; Maria
Ferris, MD, PhD, MPH; and Alice Kuo, MD,
PhD, employ an ecological approach to examine
the period of life from 20 to 30 years of age. The
authors also discuss the impact of chronic dis-
ease and other factors that affect the transition to
adulthood in the educational, employment, and
social arenas (Wood et al. 2017).
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Epidemiologists Abigail Fraser, MPH, PhD,
MRC; Janet Catov, PhD; Debbie Lawlor, MRC;
and Janet Rich-Edwards’, ScD, MPH, chapter on
Pregnancy  Characteristics and  Women’s
Cardiovascular Health is a unique contribution
exploring the link between women’s reproductive
outcomes and their risk for cardiovascular dis-
ease. The chapter presents the implications for
research and policy including the potential to
identify high-risk women earlier in the life course
(Fraser et al. 2017).

Section lll: The Life Course
Origins and Consequences
of Specific Diseases

and Health Conditions

33

Section III of this volume examines the life
course origins and consequences of some of the
most common diseases and health conditions fac-
ing the US population today, as well as some less
common but nevertheless important ones. Each
of the eight chapters reviews and synthesizes
prior basic and intervention research, points out
the gaps in our knowledge, and speaks to the
importance of additional research and its applica-
tion to the policy and practice arenas. Together,
these chapters demonstrate the value of the
LCHD perspective in understanding and improv-
ing outcomes across a variety of populations and
challenges.

Social epidemiologist Summer Sherburne
Hawkins, PhD, MS, collaborated with pediatri-
cian and prenatal nutrition expert Emily Oken,
MD, MPH and pediatrician and preventive cardi-
ology expert Matthew W. Gillman, MD, SM, to
produce Early in the Life Course: Time for Obesity
Prevention. This chapter adopts a multilevel
approach in identifying the periods and factors
that are the greatest contributors to obesity and
explores how innovative research methodologies
can be used to demonstrate causality (Hawkins
et al. 2017).

Pediatric Type 2 Diabetes: Prevention and
Treatment Through a Life Course Health
Development Framework was written by Pamela
Salsberry, PhD, RN, FAAN; Rika Tanda, PhD,

RN; Sarah E. Anderson, PhD; and Manmohan
K. Kamboj, MD, an author team representing a
range of fields and disciplines including nursing,
pediatrics, public health, endocrinology, and epi-
demiology. Their chapter uses an LCHD perspec-
tive to promote a better understanding of the
development of pediatric T2DM, as well as a
more effective approach to prevention and treat-
ment (Salsberry et al. 2017).

Clinical psychologist Irene E. Drmic, PhD,
CPsych, collaborated with psychiatric and
genetic epidemiologist Peter Szatmari, MD,
MSec, and Journal of Autism and Developmental
Disabilities editor-in-chief Fred Volkmar, MD,
MA, to produce Life Course Health Development
in Autism Spectrum Disorders. This chapter
applies the LCHD framework to autism spectrum
disorders (ASD) in order to inform future
research and ultimately improve health develop-
ment for individuals with ASD, as well as their
families and communities (Drmic et al. 2017).

Self-Regulation was written by a large and
diverse group of experts spanning developmen-
tal, quantitative, and educational psychology.
Together, Megan McClelland, PhD; John
Geldof, PhD; Frederick J. Morrison; Steinunn
Gestsdottir, PhD; Claire Cameron, PhD; Ed
Bowers, MEd, PhD; Angela Duckworth, PhD;
Todd Little, PhD; and Jennie Grammer, PhD,
examine the development and importance of
self-regulation through an LCHD lens and from
the standpoint of the relational developmental
systems (RDS) metatheoretical framework
(McClelland et al. 2017).

A Life Course Health Development
Perspective on Oral Health was written by James
J. Crall, DDS, ScD, and Christopher Forrest,
MD, PhD. By applying the LCHD framework
and their expertise in pediatric oral health and
public health, the authors advance a more con-
temporary conceptualization and definition of
oral health as a more integral and integrated com-
ponent of overall health and well-being (Crall
and Forrest 2017).

Life Course Health Development Outcomes
After Prematurity: Developing a Community,
Clinical, and Translational Research Agenda to
Optimize Health, Behavior and Functioning is
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the result of a collaboration among pediatrician
Michael E. Msall, MD, and a group of colleagues
representing nursing, pediatrics, sociology, and
demography, including Sarah A. Sobotka, MD,
MS; Amelia Dmowska; Dennis Hoga, PhD; and
Mary Sullivan, PhD, RN. Together the authors
examine the underlying causes of observed dis-
parities in LCHD outcomes among children born
prematurely, the value of life course-focused
population-level interventions for closing the
gap, and the need to improve the availability and
systematic provision of such services (Msall
etal. 2017).

A Life Course Approach to Hearing Health
was written by Shirley A. Russ, MB, ChB,
MRCP, FRACP, MCH; Kelly Tremblay, PhD,
CCC-A; Neal Halfon, MD, MPH; and Adrian
Davis, BSC, MSc, PhD, FFPH, FSS, OBE — an
author team representing both pediatrics and
speech and hearing. The chapter explores the ori-
gins of the full spectrum of hearing loss, includ-
ing genetic, congenital, and environmental
causes, and the mechanisms by which they inter-
act and act upon an individual’s hearing health
development over the life-span (Russ et al. 2017).

Nephrologists Patrick Brophy, MD; Jennifer
R. Charlton, MD, MSc; J. Bryan Carmody, MD;
Kimberly J. Reidy, MD; David Askenazi, MD;
and Susan P. Bagby, MD, teamed up with pedia-
trician Lindsay Harshman, MD; neonatologist
Jeffrey Segar, MD; and public health expert
David Shoham, PhD, MSPH, to produce Chronic
Kidney Disease: A Life Course Health
Development Perspective. In this chapter, the
authors find that the LCHD framework is of great
value in both elucidating the sequelaec of CKD
risk and identifying the kinds of early life inter-
ventions that have the potential to mitigate it
(Brophy et al. 2017).

34 Section IV: Cross-Cutting
Topics in Life Course Health

Development

This section of the volume addresses four key
issues — growth, nutrition, adversity, and dispari-
ties — that are relevant to understanding and

addressing a wide range of diseases and health
conditions.

Growth and Life Course Health Development
was written by a team of authors spanning medi-
cine, public health, and anthropology. In their
chapter, Amanda Mummert, MA, Meriah
Schoen, and Michelle Lampl, MD, PhD, employ
a systems biology approach to examine the
pathways affecting growth and explore auxolo-
gy’s role in a variety of health trends (Mummert
et al. 2017).

From Epidemiology to Epigenetics: Evidence
for the Importance of Nutrition to Optimal
Health Development Across the Life Course was
written by nutrition experts Marion Taylor-Baer,
PhD, MSNS, RD, and Dena Herman, MSNS,
MPH, RD. Their chapter uses the LCHD frame-
work to examine the crucial role that nutrition
plays in the development of health potential over
the life-span, including the role of evolutionarily
driven adaptive responses during the prenatal
and early childhood periods (Taylor-Baer and
Herman 2017).

In How Socioeconomic Disadvantages Get
Under the Skin and into the Brain to Influence
Health Development Across the Lifespan, devel-
opmental psychologists Pilyoung Kim, PhD;
Gary Evans, PhD; Edith Chen, PhD; and Gregory
Miller, PhD, collaborated with epidemiologist
Teresa Seeman, PhD, to explain the neurobio-
logical mechanisms and processes by which
SES-related adversity, including chronic stress,
affect health trajectories from early life to old age
(Kim et al. 2017).

Health sciences researcher Kandyce Larson,
PhD, together with pediatricians Shirley A. Russ,
MD, MPH; Robert S. Kahn, MD, MPH; Glenn
Flores, MD, FAAP; Elizabeth Goodman, MD;
Tina L. Cheng, MD, MPH; and Neal Halfon,
MD, MPH, produced Health Disparities: A Life
Course Health Development Perspective and
Future Research Directions. This chapter
explores the factors and processes that contribute
to health disparities across lifetimes and genera-
tions from the perspective of life course health
development in order to illuminate potential
practice and policy solutions to this persistent
problem (Larson et al. 2017).
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3.5 Section V: Methodological

Approaches

Section V is comprised of five chapters that will
be of practical use to researchers who are engaged
or who would like to engage in future research
aimed at enhancing our understanding of how
health develops over the life course and/or under-
standing how practice and policy can optimize
health development outcomes. The first two
chapters in this section review current research
methods and study designs that are of particular
value for LCHD research. The remaining three
chapters describe existing longitudinal datasets
that have the potential to be used to answer the
kinds of research questions that are described in
the Life Course Research Agenda, Version 1.0
(Halfon et al. 2017).

In Core Principles of Life Course Health
Development Methodology and Analytics, devel-
opmental and educational psychologist and
statistician-methodologist Todd Little, PhD,
acknowledges the inherent complexity of LCHD
studies. He suggests that underutilized tech-
niques, such as structural equation modeling,
multilevel modeling, and mixture distribution
modeling, as well as new and collaborative team-
based research practices, have the potential to
rapidly advance the field (Little 2017).

In Epidemiological Study Designs: Traditional
and Novel Approaches to Advance Life Course
Health Development Research, epidemiologists
Stephen L. Buka, PhD; Samantha R. Rosenthal,
PhD; and Mary E. Lacy explore the benefits and
limitations of the various approaches that can be
used to study the development of health and dis-
ease over the life course (Buka et al. 2017).

Using the National Longitudinal Surveys of
Youth (NLSY) to Conduct Life Course Analyses
by sociologist Elizabeth Cooksey, PhD, demon-
strates how this long-running three-cohort longi-
tudinal study — which provides a wealth of data
on health, education, employment, household
information, family background, marital history,
child care, income and assets, attitudes, sub-
stance use, and criminal activity — can be used to
explore various LCHD-related research ques-
tions (Cooksey 2017).

Sociologist and demographer Narayan Sastry,
PhD, worked with research scientists Paula
Fomby, PhD, and Katherine McGonagle, PhD,
to develop the chapter on Using the Panel Study
of Income Dynamics (PSID) to Conduct Life
Course Health Development Analysis. This
chapter explains how this nationally representa-
tive longitudinal study — which is the longest-
running household panel study in the world,
covering 47 years of data on a wide range of eco-
nomic, demographic, social, and health topics —
can be used to examine health development over
the life course (Sastry et al. 2017).

In Using the Fragile Families and Child
Wellbeing Study (FFCWS) in Life Course Health
Development Research, sociologist Amanda
Geller, PhD, collaborates with FFCWS staff
members Kate Jaeger and Garrett Pace to
describe this nationally representative birth
cohort study that contains both biological and
social indicators. The authors provide examples
of its use for exploring questions about health
development in households with unmarried par-
ents (Geller et al. 2017).

3.6  Section VI: Conclusions

Section VI of this volume contains a single chap-
ter entitled Life Course Research Agenda (LCRA),
Version 1.0 in which editors Neal Halfon, MD,
MPH; Christopher B. Forrest, MD, PhD; Richard
M. Lerner, PhD; and Elaine Faustman, PhD,
together with LCRN staff members Ericka Tullis,
MPP, and John Son, MPH, synthesize the recom-
mendations for future research contained in many
of the previous chapters and propose a set of pri-
ority research types, topics, and questions, as
well as a set of activities aimed at improving our
ability to carry out this critical research and
ensure its timely translation to practice and pol-
icy. The authors also recommend strategies that
can support the ongoing refinement of the LCHD
theoretical framework (Halfon et al. 2017). As
this volume goes to press, the LCRN is initiating
an inclusive process to review and refine this ini-
tial version of the LCRA so that it is sure to guide
both researchers and potential funders toward the
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studies that will be of greatest benefit in terms of
enhancing our rapidly growing but as yet incom-
plete understanding of life course health
development.
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The Emerging Theoretical
Framework of Life Course Health

Development

Neal Halfon and Christopher B. Forrest

1 Part 1: Context
and Background

Over the last century, we have witnessed the
power of the biomedical paradigm to treat the
sick and prevent diseases from occurring.
Conventional health science, as an applied field,
has tried to make sense of what constitutes health
by exploring the causes of disease in individual
patients (medicine) and populations (public
health). This approach has created a perspective
of health as absence of disease or its risk factors
and has been unsuccessful at explaining what it
means to be healthy, how health develops over
the lifespan, and the impact of health on the lives
of individuals.
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Concepts of what constitutes health, and theo-
ries about how health is produced and optimized,
are constantly evolving in response to myriad
social and cultural expectations shaped by our
contemporary worldview, scientific advances,
improvements in health interventions, and the
changing capacity of the health system. Stimulated
originally by a series of studies demonstrating
how growth during early life is related to chronic
health conditions that emerge many decades later,
an eruption of new research is identifying devel-
opmental processes that shape long-term health
trajectories (Ben-Shlomo and Kuh 2002; Kuh and
Ben-Shlomo 2004; Hanson and Gluckman 2014).
This research is demonstrating how complex
developmental processes integrate a range of
behavioral, social, and environmental influences
that modify gene expression, modulate physio-
logic and behavioral function, and dynamically
shape different pathways of health production
(Halfon and Hochstein 2002; Kuh and Ben-
Shlomo 2004; Halfon et al. 2014). These empiri-
cal findings are highlighting the limitations of the
more mechanistic biomedical and biopsychoso-
cial models of health, which fail to offer compre-
hensive explanations about such phenomena as
the developmental origins of health, how stress
affects current and future health, and the conse-
quences of dynamic interactions between indi-
viduals and their environments over time.

Informed by new theoretical perspectives emerg-
ing from such fields of study as developmental
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psychology (Lerner 2012), systems biology (Kitano
2002; Antony et al. 2012; Schadt and Bjorkegren
2012), epigenetics (Egger et al. 2004), the develop-
mental origins of chronic disease (Gluckman and
Hanson 2006a), and evolutionary developmental
biology (West-Eberhard 2003), a transdisciplinary
framework (Gatzweller and Baumuller 2013) is
emerging which we call Life Course Health
Development (LCHD) (Halfon and Hochstein 2002,
Halfon et al. 2014). As a framework, LCHD orga-
nizes several different theories and conceptual mod-
els in order to make sense of the enormously
challenging question of how health develops over
the lifespan.

The LCHD framework addresses the develop-
mental origins of health, the role that biological
and behavioral plasticity play in facilitating dif-
ferent levels of adaptation, and how mismatches
between biological propensity and environmental
context interact to produce breakdowns in health,
known as disease. As a framework that organizes
numerous theories and concepts related to how
health develops, LCHD is bridging what have
sometimes been assumed to be polar opposites:
nature versus nurture, mind versus body, individ-
ual versus population, and short-term versus
long-term change. By unifying these dichoto-
mies, LCHD offers a new perspective that will
guide future scientific inquiry on health develop-
ment and facilitate a long overdue and needed
synthesis of medicine and public health—a syn-
thesis that links treatment, prevention, and health
promotion and catalyzes more integrated and net-
worked strategies for designing, organizing, and
implementing multilevel health interventions that
transcend individual and population dichotomies.
The LCHD framework will be increasingly use-
ful as the human ecological footprint expands
and influences the health development of Earth
itself, creating new threats to human health via
rapid and disruptive changes in physical environ-
ments, geographic dispersion of populations, and
changes in social development.

This emergence of LCHD is reflective of larger
scientific trends that are transforming research in
the physical, natural, and social sciences. The
comfort and certainty of simple, linear, and deter-
ministic causal pathways are giving way to the

uncomfortable uncertainty of nonlinear causal
clusters that are networked together into complex,
multilevel, interactive, and relational systems.
LCHD embraces this complexity as the salient
target of inquiry and requires research to be con-
ducted with teams that are multidisciplinary, often
large, networked, and highly collaborative. These
shifts in scientific approach are helping us under-
stand how our modern interdependent world is
organized, how it functions, and how it contrib-
utes to the production of human health.

Given the explosion of life course-focused
research in many scientific fields—including
chronic disease epidemiology, developmental
neuroscience, developmental psychology, evolu-
tionary biology, genetics, epigenetics, environ-
mental health sciences, economics, sociology,
and many more—there is a growing need to pro-
vide a systematic framework for understanding
and organizing this emerging knowledge base
(i.e., sense making) so that it can be more effec-
tively applied to solving health problems and
guiding new and productive streams of explora-
tion and discovery.

Our intent is not to provide a grand theory of
Life Course Health Development. Rather, we
seek to establish a set of principles that describe
the contours of the rapidly emerging health devel-
opment knowledge base by organizing many
theories and conceptual models into a coherent
synthesis. We recognize that LCHD is a work in
progress. Our aim is to create conceptual coher-
ence by contextualizing the meaning of disparate
research findings, identifying gaps and uncertain-
ties—including how concepts are defined, opera-
tionalized, and interpreted —and moving inquiry,
application, and implementation forward. We
hope that the principles of LCHD presented here,
coupled with our explanatory narrative, will
encourage theory building and testing, inspire
innovative transdisciplinary research, and mature
the framework into a scientific model with
descriptive, explanatory, and predictive utility.
Furthermore, we hope that LCHD will shine a
light on the conundrum of how little attributable
risk is explained in many studies of chronic dis-
ease, how early experience conditions future bio-
logical response patterns, and how these early
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experiences play through complex, environmen-
tally influenced, and developmentally plastic
health development pathways (Table 1).

In Part 2 of this chapter, we describe the onto-
logical pathways—including theories, empirical
findings, and concepts—that led to the LCHD
framework, thereby orienting our view of health
development from simple, mechanistic, and
reductionist models to contemporary models that
are holistic, complex, dynamically relational, and
adaptive. In Part 3, we summarize the principles
of the LCHD framework, grounding them in a set
of transdisciplinary theories, models, and per-
spectives and addressing their implications for
future inquiry (Fig. 1).

Beginning with the simple, mechanical, and
mostly linear biomedical model, we chart how it
was transformed into a more hierarchical,

Table 1 Principles of the Life Course Health

Development Framework

Principle Brief description
1. Health Health development integrates the
Development | concepts of health and developmental

processes into a unified whole

2. Unfolding Health development unfolds
continuously over the lifespan, from
conception to death, and is shaped by
prior experiences and environmental

interactions

3. Complexity | Health development results from
adaptive, multilevel, and reciprocal
interactions between individuals and
their physical, natural, and social

environments

4. Timing Health development is sensitive to
the timing and social structuring of
environmental exposures and

experiences

5. Plasticity Health development phenotypes are
systematically malleable and enabled
and constrained by evolution to
enhance adaptability to diverse

environments

6. Thriving Optimal health development
promotes survival, enhances
well-being, and protects against
disease

7. Harmony Health development results from the

balanced interactions of molecular,
physiological, behavioral, cultural,
and evolutionary processes

dynamic, and multiply determined biopsychoso-
cial model, as the result of scientific break-
throughs in the understanding of the contribution
of behavioral, social factors and their influence
on individuals during specific life stages. This
biopsychosocial model has now evolved into a
more complex, relational, adaptive, dynamic, and
developmental model of Life Course Health
Development (LCHD) as result of the influence
of scientific breakthroughs in epigenetics, neuro-
development, and life course chronic disease
epidemiology.

2 Part 2: Emergence of the Life
Course Health Development
Framework

The LCHD framework has emerged from a net-
work of theories, conceptual models, and empiri-
cal findings and provides a more comprehensive
description of how health develops over the life
course than any single component part. In this
section, we describe the streams of scientific
inquiry, the key theories and models, and the
seminal scientific insights that are brought
together by the LCHD framework. Figure 1 pro-
vides an epistemological schematic, charting the
changing paradigms of health and how different
streams of research and their findings influenced
the flow of conceptual models.

A few decades ago, research linked fetal
development with degenerative diseases of old
age (Ben-Shlomo and Kuh 2002), stimulating
new ways of thinking about the mechanisms
underlying what was originally termed ‘fetal
programming” and other environmentally
induced modifications in gene expression that
presumably take place early in life. These insights
pointed out the need to better characterize inter-
actions between genes and the environment, to
better understand gene regulation that occurs in
response to environmental signal transduction,
and to better integrate into explanatory models
the importance of the timing and phasing of these
developmental processes. The prevailing epide-
miological framework, with its simple additive,
exposure-response models of risk accumulation
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Fig.1 The evolution of conceptual models of health development

as the etiology for chronic disease in adult life,
could not satisfactorily explain these more com-
plex time-dependent phenomena. Instead, a theo-
retical framework was needed to explain the
processes of translating an individual’s experi-
ences and exposures into the development of
health over the life course.

Two converging streams of biological research
and conceptual constructs have contributed to the
LCHD framework. The first stream represents
the basic biology of human development,
informed by the neo-Darwinian synthesis that
resulted from the convergence of Darwin’s the-
ory of evolution and Mendel’s notion of genes as
the building blocks of heredity. Although the cen-
tral dogma of “genes/DNA — mRNA — pro-
teins” has served as a foundational construct for
modern molecular biology, it led to overly deter-
ministic genotype-to-phenotype models (Huang
2012). Recent advances in panomics (e.g.,
genomics, epigenomics, proteomics, metabolo-
mics) and systems biology are redefining our
understanding of how gene networks are regu-
lated and dynamically interact with each other
and the environment, resulting in a new synthesis
of biological systems development and function-

ing (Huang 2012; Forrest 2014; Davila-Velderrain
et al. 2015). Breakthroughs in understanding the
relationships between evolutionary processes and
biological development, and advances in the use
of life history theory to explain how mismatches
between biological propensities and modern
environments influence the onset of disease, have
also provided a new way of considering the rela-
tionship of an individual’s or a population’s
genetic endowment and the phenotypes that
emerge (Del Giudice et al. 2015; Green et al.
2015; Hanson and Gluckman 2014; Lieberman
2014; Gluckman and Hanson 2006a).

The second stream of inquiry, which inter-
acted with genetic concepts and models, repre-
sents the evolution of models of disease causation,
informed by contributions from basic, clinical,
epidemiologic, social, and psychological research
disciplines. In the first era of health science, sci-
entific methods applied to medicine resulted in
the development of a biomedical framework in
which anatomical-pathological disease models,
along with other mechanistic constructs, were
used to explain why disease develops. One proto-
typical theoretical construct was germ theory
(i.e., germs as the unique causes of infectious dis-
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eases) (Stewart 1968). Others included theories
of inheritance that were informed by simple and
mechanistic notions of genes as the unique causes
of inherited disorders and risk status. Several
decades of research on the “upstream” social and
behavioral determinants of health were stimu-
lated by epidemiologic studies like the
Framingham Study and Alameda County Study
that highlighted how cardiovascular and other
chronic diseases were not caused by bad germs,
bad genes, or bad luck, but were related to behav-
iors like smoking, diet, exercise, and other social
factors as well as the metabolic changes that
these social and behavioral risk factors induced
(Dawber et al. 1974; Haynes 1980; Berkman and
Syme 1979). This led to a more dynamic ecologi-
cal analysis of the multiple risk factors that lead
to disease causation, informing the creation of a
multi-causal, biopsychosocial framework of dis-
ease (Engel 1977). Over the last 20 years, this
biopsychosocial model of health has continued to
evolve as a result of the integration of concepts
from life course research in sociology (Elder
1995; Elder and Shanahan 2007), lifespan devel-
opmental research in psychology (Lerner 2012),
systems biology (Schadt and Bjorkegren 2012),
and longitudinal studies on the origins of chronic
disease (Gluckman and Hanson 2004b). The bio-
psychosocial model undergirds much of the cur-
rent focus on the social determinants of health
and the important role that contextual factors
play in shaping health outcomes (McMichael
1999; Krieger 2001).

Midway through the twentieth century, social
scientists started examining how the rapidly
changing social circumstances of the second
industrial revolution were transforming the
developmental pathways of different generations.
Separate yet related streams of research emerged,
converging around notions of the life course, the
lifespan, and the human life cycle development.
Two lines of investigation in particular have
informed recent notions of health development:
life course sociology and lifespan human devel-
opmental psychology (Diewald and Mayer 2009).

Life course theories emerged in sociology
research in the 1960s, championed by Elder,
Clausen, and others. These theories distinguished

how social institutions and history shape the
roles, personal events, transitions, and trajecto-
ries of individuals who follow different develop-
mental pathways (Clausen 1986; Elder et al.
2003). Macro-level social processes and social
relationships influence interweaving trajectories
at different ages, stages, and transitions of devel-
opment (Elder 1995). Untangling age, period,
and cohort effects and understanding the cumula-
tive impact of experience on socially and institu-
tionally constructed life pathways form the basis
of life course sociology. For example, the experi-
ence of low socioeconomic status, discrimina-
tion, and racial segregation may have different
effects on health for different cohorts (i.e., groups
born at different times), based on prevailing
(period effects), compensatory, and mediating
factors such as the availability of healthcare or
the impact of different social policies (Chen et al.
2010; Masters et al. 2012).

Building on the work of Glen Elder, Duane
Alwin (2012) suggested five ways that the term
“life course” was used to describe etiologic pro-
cesses in social and behavioral sciences: (1) lifes-
pan development, humans develop over the life
course; (2) agency, individuals construct their
lives through choices and actions they take within
social structures that provide opportunities and
impose constraints; (3) cohort and geographic
variation, lives of individuals are embedded and
shaped by historical time and place where they
live; (4) timing, impact of events, experiences,
and transitions are conditional on their timing in
a person’s life; and, (5) linked lives, people’s
lives are lived interdependently (e.g., husband
and wife, siblings).

Lifespan human developmental psychologists
attempt to explain how individual differences
emerge at different ages and stages (Lerner 1984;
Lerner 2012). These differences are, in part,
determined by endogenous characteristics (i.e.,
each individual’s personal adaptability, plasticity,
resilience, and reactivity) interacting with exog-
enous factors (i.e., external physical, social, and
psychological environments that promote adapta-
tion). These interactions cause human behavior
to continuously change from conception to death
(Lerner 1984, 2012). By focusing on the individ-
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ual’s capacity to adapt to events and experiences
(Dannefer 1984; Alwin 2012), developmental
psychologists have suggested that lifespan human
development research concentrates on the plas-
ticity associated with individual development
(ontogenesis), whereas life course social sciences
researchers emphasize “sociogenesis” or how life
pathways are informed and structured by socially
constructed developmental scaffolding and con-
straints. In short, psychologists have tended to
focus on how endogenous or constitutional onto-
genetic processes influence lifelong developmen-
tal trajectories, while sociologists have been
more concerned with contextual or exogenous
factors.

Over the past 30 years, there has growing con-
vergence between life course sociology and lifes-
pan human developmental psychology. Research
on “linked lives,” where the common and differ-
ential impact of shared exposures is experienced
by individuals whose lives are linked geographi-
cally or socially (e.g., spouses, workers in a town,
friendship networks) and work on transitions and
turning points that are biologically (menarche,
menopause) or socially determined (e.g., transi-
tions from preschool to kindergarten, school to
work, work to retirement), have each benefited
from consideration of endogenous and exoge-
nous factors. As the sociological approaches to
life course and psychological approaches to lifes-
pan research converge into a more integrated dis-
cipline of developmental science (Cairns et al.
1996; Bornstein and Lamb 2005; Diewald and
Mayer 2009), ongoing conceptual and empirical
integration is increasingly influenced by the
study of nonlinear dynamic systems, including
complex adaptive systems theory (Greenberg and
Partridge 2010).

Many researchers and thought leaders have
contributed to the conceptual evolution and
empirical evidence supporting a more integrated
developmental systems theory (Sameroff 1975;
Bronfenbrenner 1976; Baltes et al. 1980; Lerner
1984; Cicchetti and Cohen 1995; Magnusson
1995; Cairns et al. 1996; Bronfenbrenner and
Morris 2006; Sameroff 2010) which built upon
earlier behavioral and biological theories
(Greenberg and Partridge 2010; Marshall 2014).

Overton and Lerner have proposed a theoretical
construct that they call “relational developmental
systems theory (RDST)” (Lerner 2006; Lerner
and Overton 2008). Rejecting what they consider
a false dichotomy between individual and con-
text, they suggest that a person’s development is
embedded in, organized by, and co-regulated by
his or her surrounding environments.
Developmental regulatory functions are best
understood as mutually influential, bidirectional,
person-context interactions. RDST sees individu-
als as active co-developers of their own develop-
mental pathways, adaptively responding to
different biological, social, cultural, and physical
environmental contexts that they influence and
are also influenced by. RDST has been used as a
theoretical foundation for research on self-
regulation and positive youth development and
has added a stronger relational dimension to life
course thinking.

Like the converging influences of life course
sociology and lifespan human developmental
psychology, many fields of the life sciences have
also informed this transition toward a life course
developmental view of health. Embryologists
and teratologists in the first part of the twentieth
century understood that environmental insults
could disrupt the normal processes of develop-
ment leading to malformation and other “genetic”
abnormalities, and some scientists began to con-
sider how childhood conditions might directly
influence adult mortality (Kuh and Davey Smith
2004). But it was not until the 1970s—when
Forsdahl suggested a relationship between child-
hood socioeconomic status and later cardiovas-
cular disease, Barker studied the relationship
between birth weight and cardiovascular disease,
and Wadsworth observed that other early child-
hood factors influenced a range of adult health
outcomes—that a focus on what is called the
developmental origins of adult health and disease
(DOHaD) began to emerge (Forsdahl 1977,
Arnesen and Forsdahl 1985; Barkeret al. 1989a,b;
Kuh and Wadsworth 1993).

The receptivity to this new perspective was
heightened by a growing number of challenges to
the biomedical model of causation. Echoing
George Engel and others, social epidemiologists
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like John Cassel, Leonard Syme, Lisa Berkman,
and Michael Marmot and health service research-
ers like Barbara Starfield began to adopt a more
complex, multidimensional “web of causation”
construct to explain the origins of disease (Cassel
1964; Starfield 1973; Starfield et al. 1984; Marmot
and Syme 1976; Syme and Berkman 1976;
Marmot et al. 1978a, b). At the same time, a grow-
ing body of new research in psychoneuroimmu-
nology described the “embodiment of disease
risk” by demonstrating how different social, cul-
tural, and psychological exposures quite literally
“get under the skin” and are encoded or embedded
into developing biobehavioral systems (Sapolsky
et al. 1985; Maier et al. 1994; Cohen and Herbert
1996; McEwan 1998; Repetti et al. 2002).

Over the past two decades, the Barker hypoth-
esis, as it was commonly referred to, was further
elaborated by a series of studies examining the
impact of birth weight, fetal growth, placental
size, and weight gain in the first year of life on
metabolic regulation and cardiovascular disease
(Barker et al. 1989a,b, 1993; McMillen and
Robinson 2005; Barker et al. 2010). An entire
field of life course epidemiology was spawned
that has not only confirmed Barker’s findings in
several other cohorts and settings but vastly
expanded the empirical base linking fetal and
early childhood growth and nutrition to a grow-
ing array of adult health conditions. This work
has also gone beyond examining fetal and early
childhood origins to explore the developmental
origins of health and disease more broadly and
has generated various conceptual models to ana-
lyze and synthesize results (Schlotz and Phillips
2009; Gluckman et al. 2010; Entringer et al.
2012). A new generation of recent epigenetic
studies have begun to provide a stronger biologi-
cal and theoretical basis for understanding how
developmental plasticity is manifested, how gene
expression may be modified in response to envi-
ronmental cues, and how biological and behav-
ioral traits can be perpetuated across multiple
generations (Hochberg et al. 2010; Gluckman
2014; Thayer and Kuzawa 2011; Davey Smith
2012; Lillycrop and Burdge 2012; Relton and
Davey Smith 2012; Gilbert et al. 2015; Cunliffe
2015).

Complementary studies of the developing
brain demonstrated how stress and social adver-
sity influence the biology of human development
during sensitive periods (Hertzman 1999; Boyce
et al. 2012; Hertzman 2012). Building on earlier
studies of experience-dependent and experience-
expectant! neuronal development, neurodevelop-
mental research demonstrated how development
is guided by the combined and interactive influ-
ences of genes and experience (Boyce et al.
2012). Animal models of experience-modified
neural development demonstrated how early
behavioral experiences of adversity or comfort
can lead to different DNA methylation patterns,
which are believed to affect gene regulation and
result in different functional levels of neurotrans-
mission capacity (Meaney 2001; Szyf et al. 2005;
Meaney et al. 2007). Similar methylation altera-
tions have been demonstrated in children who
have experienced adversity associated with
maternal stress in the early years (Essex et al.
2011). Research on the neurobiology of stress
and on the role that cumulative physiologic stress
can have on the function of neuroendocrine and
neuroimmunologic pathways has provided direct
evidence for how exposure to risk and/or highly
adverse environments is embedded in lifelong
biobehavioral function (Seeman 1997; McEwan
1998; Seeman et al. 2001; Repetti et al. 2011;
McEwen 2012). This research on neural develop-
ment, stress, and biological priming provides an
important empirical and conceptual bridge
between observed social gradients in health and
the experience-dependent conditioning of biobe-

'Experience-dependent neuronal development refers to
the role that experience plays in fortifying neuronal con-
nections (e.g., a violin player who shows increased synap-
tic density in the area of the brain corresponding to the
motor cortex controlling the fingers, or the hypertrophy of
hippocampus in London cab drivers that is associated with
improved spatial navigation and spatial memory).
Experience-expectant neuronal development refers to
brain development that is contingent on experiences that
are expected to occur as part of normal development. For
example, typical development of the visual cortex occurs
in response to visual stimuli that are available in everyday
life. If vision is obstructed and the brain does not receive
these expected stimuli, the relevant synapses will either
not form or will atrophy.
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havioral systems that occurs during the process
of human development (Hertzman 1999; Keating
and Hertzman 1999; Halfon and Hochstein
2002).

In several ways, the converging relationship
between life course chronic disease epidemiol-
ogy, neurodevelopmental, and DOHaD research
is analogous to the converging relationship
between life course sociology and lifespan
human developmental psychology. DOHaD and
neurodevelopmental research have focused more
on the individual differences in developmental
plasticity from early development through old
age (ontogenesis), leading to a growing under-
standing that epigenetic factors influence non-
germline heredity. For example, the exposures
grandparents experience can influence adaptive
responses two generations later. In contrast, life
course chronic disease epidemiology has focused
more on social class, social gradients, and the
social scaffolding of exposures (sociogenesis).
New longitudinal cohort studies integrate both
perspectives, including not only measures of phe-
notype but also genetic, epigenetic, and other
biobehavioral adaptations (Alfred et al. 2012;
Borghol et al. 2012; Elks et al. 2012).

3 Part 3: Principles of the Life
Course Health Development
Framework

In this section, we present the seven principles of
the Life Course Health Development framework
that emerged from our analysis of the network of
theories, concepts, models, and research findings
related to how health develops over the life
course.

Each principle is described, connected to rel-
evant theories, models, and perspectives, and dis-
cussed in terms of its implications for future
research. Together, the principles constitute the
LCHD framework, which is proposed as a way of
systematically organizing the breadth of theories
and conceptual models that help to explain and
predict empirical findings on the production of
health and disease causation over the life course.

4 Principle 1: Health
Development

4.1 What We Mean by “Health

Development”

Health development integrates the concepts of
health and developmental processes into a uni-
fied whole.

We use the term “health development” to sig-
nify the framework’s central focus, which is the
linkage of health and development into a single
construct. Health is often understood as a set of
instrumental attributes that are employed when
individuals  pursue goal-directed behavior
(Richman 2004; Forrest 2014). These attributes
can be thought of as “assets” that are desirable,
acquired, optimized, and maintained during the
life course, enabling growth of an individual, sur-
vival, and adaptation to manifold environments.
Examples of health assets that emerge at the level
of an individual include motor function (capacity
for movement), emotional regulation (capacity to
manage emotions during challenges or stressful
events), and cognitive function (capacity to per-
ceive, process, and act on information leading to
the acquisition of knowledge).

Development, in this context, refers to the pro-
cesses by which health attributes change (i.e.,
mature, weather, degrade) during the lifespan. If
health is a set of attributes that emerge at the level
of the whole individual, development refers to
the evolutionarily informed processes by which
these attributes enable adaptation to changing
social-environmental conditions. Health is the
“what” (i.e., what changes) and development is
the “how” (i.e., how health attributes change over
time) of health development.

As an expression of an organism’s livingness
and essential adaptive nature, health development
is an emergent property of a living system
(Forrest 2014). Importantly, because this princi-
ple combines both health and development, it
blends a temporal dimension into our conceptual-
ization of human health. Health development has
time-dependent and transactional connotations
and is therefore dynamic.
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The health development of an individual at
the level of “self” cannot be understood by iso-
lating the biological function (or dysfunction)
of an organ system or a particular behavior of an
individual —although of course these subsys-
tems have their own unique health development
trajectories. The health development of an indi-
vidual is comprised of an integrated set of
capacities that dynamically mature and are
involved in managing energy flows; processing
and acting on information; recovering from,
adapting to, and growing with environmental
challenges; learning and forming capabilities;
and producing offspring (Forrest 2014). Health
development is a life course-informed phenom-
enon that results from transactions between the
organism and its internal (i.e., gene, panomic,
organ system, and physiologic networks) and
external environments (i.e., family, social, cul-

tural, and physical networks and
environments).
4.2 Theories and Frameworks

Relevant to Health
Development

This principle combines a rich set of theories and
conceptual frameworks related to health and
development. Conceptualizing health develop-
ment as an emergent property of an organism dif-
fers from earlier linear and reductionistic
biomedical models of health and even from mul-
tilevel biopsychosocial models. It also sets the
stage for considering health development as com-
plex adaptive processes that emerge from living
systems interacting with their environments. Its
relational ontology implies that other principles
contribute to the understanding of this complex
emergent process.

The optimization of health development is
codependent on several contributing develop-
mental processes and resulting propensities that
are highlighted in the other LCHD principles and
drawn from relational developmental systems
theory (Lerner 2006; Overton 2007), develop-
mental systems theory (Oyama 1985), dynamic

systems theory (Spencer et al. 2009), and the uni-
fied theory of development (Sameroff 2010).

4.3 Implications of the Health

Development Principle

The health development principle signals the
importance of context and our inability to reduce
health to its component parts divorced from the
contexts within which they develop. This type of
developmental systems thinking requires new
typologies to describe health development pheno-
types. In effect, a new set of concepts is needed to
convey a language of health development as
observed and experienced at the level of whole
persons in dynamic interaction with their environ-
ments. As our understanding of the interrelation-
ships between health development and a range of
influential environmental variables matures,
health development typologies can become full-
fledged ontologies that help explain and predict
which relational influences are important and
have measurable consequences on health
development.

The creation of “whole person” health devel-
opment metrics that operationalize health devel-
opment concepts is necessary to capture
developmentally influenced continuity, consis-
tency, and variability. To distinguish “health
development” from other fields in the develop-
mental sciences, we will need to specify the
unique concepts that constitute it and the mea-
sures that assess health development’s multidi-
mensional functionality (adaptation, energy
management, reproduction, information pro-
cessing, capacity to execute tasks in response,
and restoration and their integration) as well as
its multilevel (from the molecular to the indi-
vidual to the environmental) nature. Measures
of health development will also need to be
informed and reflective of the other LCHD prin-
ciples outlined below. Such measures will be
particularly important in enabling and measur-
ing the contribution of health-producing social
systems to the optimization of health
development.
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5 Principle 2: Unfolding

5.1 What We Mean by “Unfolding”
Health development occurs continuously over the
lifespan, from conception to death, and is shaped
by prior experiences and environmental
interactions.

The unfolding principle describes the develop-
mental processes by which expression of a few
thousand genes—none of which has a blueprint
or roadmap for constituting a viable, living
human body —can unfold in an ordered, coherent
pattern that has been shaped by the adaptive suc-
cess of what has worked before. The nonlinear,
self-organizing process of development that is
made possible by molecule-to-molecule, cell-to-
cell, tissue-to-tissue, and human-to-human sens-
ing and communication processes means that
health development is neither linear, passive, nor
static; rather, it is adaptive, self-organizing, and
autocatalytic (Davies 2014).

By “adaptive,” we mean those biological,
behavioral, and cultural differences that are privi-
leged, prioritized, or selected for because of the
advantage they imbue on reproductive fitness and
success. Adaptive change occurs at multiple lev-
els, from the biochemical and cellular to behav-
ioral change at the level of individuals to
environmental change. For some biological sys-
tems, such as neural networks, adaptation occurs
quite rapidly, enabling real-time responses to
acute environmental challenges and acquisition
of novel information. However, some biological
and behavioral subsystems change slowly
responding to gradual shifts in the intensity and
quality of ecological exposures. Thus, the adapta-
tion that characterizes health development tran-
spires over multiple time scales enabling response
to both fast- and slow-changing variables. The
principles of complexity and timing will further
elaborate on these features of adaptation.

By “self-organizing,” we mean the dynamic
nonlinear process of self-assembly and self-
perpetuation that emerges through multiple rela-
tional coactions between the components of a
system and its environments. In the case of

human health development, it describes how
internally determined structures emerge from a
genetic code that is regulated by layers of sens-
ing, signaling, and feedback loops that organize
the expression of the code based on chemical
self-assembly into variable levels and forms of
differentiation. Simple differences in external
environments (at the cellular, tissue, organ sys-
tem, organism, or cultural levels) transform the
pathways of development from dull uniformity to
autocatalytic diversity of forms and function
(Davies 2014).

By “autocatalytic,” we mean that health devel-
opment produces the “fuel” that propels it for-
ward (Henrich 2015). Health development
dynamically shapes and is shaped by environ-
mental contexts. Today’s health development
serves as substrate for the emergence of future
health development states. The person-
environmental transactions that unfold during the
life course can influence gene regulation of
biobehavioral processes through epigenetic
changes. Better characterization of this set of
mechanisms is helping to explain how physical
and social exposures during childhood affect
health and disease during adulthood.

The adaptive, self-organizing, autocatalytic
processes of unfolding can help to explain how
genes and culture have coevolved. According to
Henrich (2015), as humans evolved, cultural
information and practices began to accumulate
and produce cultural adaptations. These new cul-
tural adaptations feed forward and produce sig-
nificant selection pressure on genes to improve
psychological capacities to further acquire, store,
process, and organize an array of fitness-enhancing
skills and practices. These new adaptive capaci-
ties in turn become increasingly available to oth-
ers in the same cultural group. So as genetic
evolution improves the ability of our brains to
learn from others, cultural evolution can generate
adaptations (i.e., religions, markets, science) that
both enhance function and increase the selective
pressure on our brains to effectively navigate
these increasingly complex cultural forms.

Life history theory suggests that variation in
the process of unfolding result in part from the
optimization of fitness that occurs during func-
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tionally organized phases of the lifespan.
Borrowing from Paul Baltes’ lifespan theory
(Baltes, Lindenberger, Staudinger 2006), the
unfolding principle offers a conceptualization of
human health development as having four major
functional phases:

(1) Generativity—the preconception, prenatal,
and perinatal periods are dedicated to the forma-
tion of the organism.

(2) Acquisition of capacity—the early years
are dedicated to the acquisition, maturation, and
optimization of specific health development
capacities.

(3) Maintenance of capacity—the middle
years are dedicated to maintaining health devel-
opment capacities in the face of accumulating
risks and ongoing weathering.

(4) Managing decline—the later years are
devoted to managing, adjusting, and adapting to
functional decline of various body and regulatory
systems, even as other aspects of health develop-
ment such as stress management and positive
psychological functioning may improve with
age.

Each of these phases is conceptually distinct
but can contain overlapping elements, as is the
case when an older individual who is mostly in
the process of managing decline can also be
acquiring new capacities (e.g., learning to play
piano at 70). This becomes an adaptive process of
maintaining optimal function in the face of
declining capacities.

By reflecting evolutionarily defined develop-
mental processes, levels of plasticity, and varia-
tion in expression within and across individuals
(and within and across biobehavioral systems in
the same individual), these four phases help us to
see and understand the patterns and coherence of
health development. For example, evolution has
ensured that the anatomic and metabolic process
of bone development in women produces strong
bones that enable additional weight carrying
associated with pregnancy, until the age of the
fourth and fifth decade when menopause emerges.
This is an anticipatory developmental process
whereby early anticipatory changes prepare the
individual to meet future developmental needs.
Optimizing bone metabolism and preventing

osteoporosis can take several forms, such as
physical activity (particularly on hard surfaces),
and include different strategies that can be
employed during the phases of acquisition and
maintenance of bone metabolism and strength
and during the management of decline after
menopause.

5.2 Theories and Frameworks

Relevant to Unfolding

The concept of health development as a continu-
ously unfolding adaptive and self-organizing pro-
cess comprised of distinct yet overlapping
functional phases provides a framework for con-
sidering how evolutionarily defined stages from
life history theory (Stearns 1992; Worthman and
Kuzara 2005; Del Giudice et al. 2015), psycho-
logical constructs from lifespan human develop-
ment theory (Baltes 1983; Featherman 1983;
Lerner et al. 2010), and sociological constructs
from life course sociology (Elder 2000; Mayer
2009; Alwin 2012) can be aligned, compared,
and potentially integrated. It also provides a bet-
ter way of articulating and assessing the align-
ment between biologically, psychologically,
socially, and culturally determined transitions
and turning points and understanding how they
impact health development over the lifespan
(Davies 2014; Henrich 2015) (see Principle
4--Timing). For example, the alignment among
the biological processes of menarche, the behav-
ioral maturation of reproduction behaviors, and
the culturally created process of mating and mar-
riage has dramatically changed as the age of
menarche has declined, the age of marriage has
increased, and the introduction of sexualized
behavioral stimuli has increased through a vari-

ety of different media and information
platforms.
5.3 Implications of the Unfolding

Principle

The adaptive, self-organizing, and autocatalytic
way that health development unfolds via com-
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plex sensing, communication, and regulatory
processes implies that our basic, clinical, and
translational research needs to elucidate how
these processes influence the adaptive capacity of
individuals and populations. A clearer under-
standing of how similar self-organizing processes
unfold from the cellular level to the cultural level
could point to new ways of integrating preven-
tive, health promoting and therapeutic interven-
tions designed to optimize health development by
embracing a “cells to society” perspective.

We have proposed that there are four major
functional phases of LCHD: generativity, acqui-
sition of capacity, maintenance of capacity, and
managing decline. Do these four phases provide
a logical staging for all aspects of health develop-
ment? Are there subphases that need to be articu-
lated to help us better understand the dynamics of
health development? To address these questions,
we need better measurement of the flow of health
development, both continuities and discontinui-
ties, and its variation across and within
individuals.

Childhood obesity provides a useful example
to illustrate the research implications of the
unfolding principle. To evaluate obesity risk,
body mass index (BMI) is assessed at a fixed
point in time and contrasted with values obtained
with population age-sex-specific norms. Newer
statistical methods have been developed that
enable analysis of intraindividual trajectories to
more accurately characterize the pattern of child-
hood growth and uncover new associations
between the functional form of growth trajecto-
ries and future obesity and obesity-related comor-
bidities (Wen et al. 2012). To apply this sort of
methodology to health development more
broadly requires precise definitions and frequent
assessments of health development measures, as
well as an understanding of the expected trajec-
tory of health development for the population.
These types of assessments are being made avail-
able by electronic health records and other digi-
tized health data collected by healthcare
organizations, which are a new and ready data
source for health development research.

The interaction between various forms of
adversity and health development provides

another example. Understanding the effects of
social adversity and other environmental expo-
sures on the unfolding of health development
entails not only connecting the specific types of
adversity to different outcomes but also develop-
ing a better understanding of the adaptive and
self-organizing neuronal and behavioral pro-
cesses, pathways, and mechanisms by which
these outcomes are affected. These include
assessing the relationships between neurodevel-
opmental correlates of socioeconomic adversity
and differential structural and functional changes
in different regions of the brain (as measured
using functional MRIs) and understanding how
these changes feed forward and potentially com-
pound or dissipate over time (Caspi et al. 2003;
Evans and Schamberg 2009; Hackman and Farah
2009; Noble et al. 2012; Power et al. 2005a, b;
Evans et al. 2012).

The short- and long-term effects of adverse in
utero exposures on health development are an
area of inquiry that is producing a wealth of
information and ripe for expansion (Gluckman
et al. 2008). This research includes studies regard-
ing epigenetic programming associated with fetal
exposure to chemical compounds, environmental
toxicants, and smoking (Skinner et al. 2008;
Launay et al. 2009; Perera et al. 2009; Martino
and Prescott 2011), as well as studies examining
the impact of nutritional stresses on metabolic
function and future disease (Li et al. 2010).

Research on the epigenetic effects of adversity
on neurodevelopment has exploded in recent
years. Beginning with Meaney’s pathbreaking
work on the impact of maternal behavior on epi-
genetic mechanisms that influence gene expres-
sion and regulation of the endocrine response to
stress (including the glucocorticoid receptor and
the corticotropin-releasing factor (CRF) systems
that regulate the hypothalamic-pituitary-adrenal
axis), there have been a large number of studies
examining how different experiences, exposures,
and influences can lead to epigenetic alterations
affecting a wide range of biobehavioral functions
(Meaney 2001, 2010; Turecki and Meaney 2016;
Lester et al. 2016). One of the most interesting
and challenging areas of epigenetic research con-
cerns the trans-generational transmission of
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exposures and risk through non-germline altera-
tions of genetic information and the persistence
of these influences across subsequent generations
(Bale 2015).

6 Principle 3: Complexity
6.1 What We Mean
by “Complexity”

Health development results from adaptive, multi-
level, and reciprocal relations between individu-
als and their physical, natural, and social
environments.

This principle indicates that health develop-
ment occurs within living systems that are not
only adaptive, self-organizing, and autocatalytic
but also complex and hierarchically arranged.
The topologies of health development pheno-
types cannot be fully understood using a tradi-
tional biomedical reductionist approach that
relies on an analysis and assembly of the parts of
subunits. Health development emanates from the
hierarchical and relational coactions of the bio-
logical and behavioral subsystems and their indi-
vidual and collective relations with each other
and various interconnected external suprasys-
tems (i.e., familial, social, cultural, ecological).
Health development phenotypes result from the
interplay between the individual and multiple
physical, biochemical, psychological, social, and
cultural networks that dynamically coact. As in
many complex adaptive systems, the directional-
ity of these influences is often context dependent,
reciprocal, and influenced by feedback and feed-
forward influences. On the other hand, small
changes in particularly vulnerable parts of a
biobehavioral system—or at a specific time-
sensitive junction in a cascading process of
developmental change —can have profound non-
linear effects on the emergence of a capability or
health asset or on the overall robustness or fragil-
ity of the health development process.

Transactions between different environments
can influence gene expression, and gene expres-
sion and resultant phenotype can also influence

various environments, which will in turn influ-
ence additional gene expression. Processes at the
molecular level can dynamically coact with each
other, as well as with processes at the social and
ecological levels, and everywhere in between.
These are not simply hierarchical relationships of
dependent parts, but are holarchical in the sense
that each level is both a part and a whole, nested
and hierarchically aligned in the common pur-
pose. In some cases, common purposes are opti-
mizing health development, and in other
circumstances, they are aligned to ensure repro-
ductive fitness at the expense of optimal health
development (Gtinther and Folke 1993).

6.2 Theories and Frameworks

Relevant to Complexity

The complexity principle adds the systems-
oriented concepts of complexity, adaptation,
emergence, nonlinear change (i.e., small changes
can produce large effects and vice versa), and
multilevel person-environmental coactions. Key
theories, frameworks, and perspectives that sup-
port the conceptualization of this principle
include general systems theory (von Bertalanffy
1968), chaos theory (Gleick 1987; Lorenz 1993),
living systems theory (Miller 1978), human-
system framework (Brody 1973; Seeman 1989),
and complex adaptive systems theory (Holland
1998). The systems orientation to health develop-
ment suggests a holistic, integrated view that
there is a need to understand the interdependence
of the parts that constitute the whole, which is
embedded in its natural and social environments.

6.3 Implications

of the Complexity Principle

Progress in genomics and network analysis is
enabling researchers to interrogate all known
gene-disease associations simultaneously and to
create a network view of patterns and principles
of human disease that would not be apparent by
examining genetic associations’ one disease at a
time (Goh et al. 2007). Extending this approach
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to health development suggests the need to add
environmental exposures, or what has been called
the “exposome,” to analytic models to engender a
better understanding of how networks of genes
and networks of environments produce health
development phenotypes.

The time-honored scientific approach uses the
hypothetico-deductive method that derives its
cogency from the certainty of deductive infer-
ence and the plausibility of abductive inference.
Children exposed to the same interacting family,
school, and neighborhood environments experi-
ence patterns of risk, protective, and health-
promoting influences that emerge out of the
complex topography of those person-
environmental interactions. By statistically cate-
gorizing and analyzing children by their ethnicity,
family income, and family structure, the rich
interactions of different environmental factors
are often lost (Molenaar et al. 2003). Health
development is non-ergodic, meaning that each
individual’s experiences, environmental interac-
tions, and health development phenotypes are
unique and that within a population there is
marked heterogeneity. Averaging effects across
groups tells us something about population
effects, but little about individual effects
(Molenaar and Campbell 2009). Furthermore,
even though individuals may have different life
course experiences, they can experience the same
health development phenotype, a phenomenon
called equifinality (Cicchetti and Rogosch 1996).

Systems biology and other systems-oriented
sciences offer a set of methods that can address
the non-ergodic attribute of health development
(Huang 2009). Rather than being hypothesis
driven, these methods are systems driven and
require a research strategy of interrogating the
system at the level of the whole (EA Roberts
2015, 2012). This more complex way of experi-
menting and generating scientifically valid infor-
mation bears further discussion and explication.
New approaches to study design generation and
statistical analysis will be needed to understand
how patterns of health development are produced
by complex coactions of networks over time.
Identifying characteristic health development
phenotypes will require nonlinear models that

recognize and embrace the complexity of health
development. The focus should be on measuring
patterns of intraindividual health development,
which will require study designs that collect
detailed and large volumes of health and environ-
mental information on individuals, forming big
health development data resources.

Environments coact with individual constitu-
tional factors to produce health development phe-
notypes within a person. We have only a vague
understanding of the specific environmental vari-
ables responsible for these interactions. There is
an urgent need to create scientifically useful
typologies of environmental variables. This will
enable research to better understand how health
development signals are transduced from the
environment to the individual, altering biobehav-
ioral system configuration and function. Better
characterization—and, ultimately, standardiza-
tion—of environmental variables (the exposome)
will accelerate research on how an individual’s
contexts affect the epigenetic topography and
organize what complex systems science might
refer to as health development attractor® states.
Standardization of concepts and measures
enables synthesis and meta-analyses across
studies.

2An attractor is the end state of a dynamic system as it
moves over time. Once the object or data point goes into
the basin of attraction, it does not leave unless a strong
force is applied. The set of one or more attractors of a
dynamic system can be represented visually or graphi-
cally as trajectories in state space, where state space rep-
resents the multidimensional, abstract space of all possible
system behavior. There are four types of possible attrac-
tors: fixed points, limit cycles, toroidal attractors, and cha-
otic (or strange) attractors. Point attractors are regular,
terminating in a single point in state space. Cycle attrac-
tors are also regular, sometimes oscillating between two
or more fixed points or exhibiting a sinusoidal pattern
over time. Toroidal attractors are semi-regular, represent-
ing coupled rhythms whose ratio of periodicities termi-
nates in an irrational rather than a rational number and
appearing in state space as a donut. Chaotic attractors are
fully irregular, represented by an aperiodic trajectory in
state space that never repeats or settles to a stable pattern,
whose basin of attraction is often fractal in shape; see
chaos. Regular point and cycle attractors are characteris-
tics of relatively simple systems. Irregular toroidal and
chaotic attractors are more characteristics of complex
systems.
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We have almost no idea at present how to map
or represent multilevel emergence, because the
transactional nature of health development is not
well specified, measured, analyzed, or inter-
preted. For example, a child exposed to a stress-
ful stimulus that is repeated in unpredictable and
unanticipated ways may experience epigenetic
changes in neurotransmitter metabolism that can-
not be explained just by measuring the stressful
stimulus. The developmental timing of these
stressful events, their unpredictable repetition,
and the temporal rhythms of restorative processes
(e.g., sleep) are also at play, which brings us to
the next principle.

7 Principle 4: Timing

7.1 What We Mean by “Timing”
Health development is sensitive to the timing and
social structuring of environmental exposures
and experiences.

Health development is not a linear process in
which exposures to environmental stimuli or
internalized experiences have equal effects,
regardless of when in the life course they occur.
Instead, health development results from nonlin-
ear interactions that are both time-specific and
time-dependent. There are sensitive periods of a
child’s life when the impact of certain exposures
can be greater than during other periods (Halfon
et al. 2014). Time-specific health development
pathways refer to biological conditioning that
occurs during these sensitive periods, when
developing systems are most adaptable and plas-
tic and exogenous and endogenous influences
can result in different adaptive responses. In other
words, the same exposures can have very differ-
ent effects depending on when during the life
course they occur. Because childhood is a phase
of life when biological and behavioral systems
are shaped by environmental exposures and
social experiences, the timing principle empha-
sizes the importance of nurturing children when
they are most sensitive to these influences (Conti
and Heckman 2013). For example, exposure to a

rich set of words during the early years of life can
greatly improve a child’s subsequent language
development, with cascading effects on subse-
quent school performance, health behaviors, and
future health status (Hart and Risley 2003).

Time-specific transitions and turning points in
health development also result from socially
structured pathways that link experiences and
exposures in time-influenced ways that create
recursive and mutually reinforcing patterns of
risk, protection, and promotion. Socially struc-
tured pathways have both period-specific and
time-dependent (cumulative) characteristics. By
arraying risk, protective, and promoting factors
into socially constructed and institutionally rein-
forced pathways that interact with sensitive peri-
ods of health development, societies can either
support the emergence of positive health devel-
opment phenotypes or reinforce negative ones.
The role, relative dose, duration, and coaction of
risk, protective, and promoting factors during
formative, maintenance, and declining phases of
the life course all influence the slope, shape, and
contours of health development trajectories.

Thus, the timing principle summarizes a set of
models and constructs that elaborate the impor-
tance of the time dimension on health develop-
ment. There are time-specific pathways that refer
to sensitive periods when environmental expo-
sures and experiences can influence health devel-
opment, and there are time-dependent pathways
that refer to the accumulation of repeated expo-
sures to the same environmental stimuli that can
result in a weathering process that accelerates
aging (Geronimus 2013).

Theories and Frameworks
Relevant to Timing

7.2

The unfolding principle introduced the concept of
functional phases or epochs that organize the his-
torical foundations of health development. The
timing principle adds the concepts of time-
dependent and time-sensitive health development
pathways that create periods of vulnerability and
robustness, as well as social structuring of envi-
ronmental exposures and experiences. These con-
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cepts are drawn from several theories, frameworks,
and perspectives including developmental origins
of health and disease (Gluckman and Hanson
2006a), life course perspective (Elder 2000;
Mayer 2009; Alwin 2012), biological embedding
(Hertzman and Boyce 2010), chronobiology
(Kreitzman and Foster 2004), developmental
time (Kuzawa and Thayer 2011), and adaptive
developmental plasticity (Gluckman et al. 2009).

7.3 Implications of the Timing

Principle

Scientists have accumulated tantalizing but as
yet limited evidence for time-sensitive health
development (Hanson and Gluckman 2014,
Hertzman 2012; Boyce and Kobor 2015).
Progress in this area has been slow in part
because of a lack of data systems that integrate
large volumes of biological (especially patterns
of gene response and epigenetic changes), clini-
cal (such as electronic health records and biosen-
sors), behavioral (self-report questionnaires),
and environmental data. Each of these data
sources exists in isolation. What is needed is a
new field of health development informatics that
is devoted to assembling large, integrated, longi-
tudinal data resources and mining them for novel
associations between time, environment, and
health development outcomes.

Another challenge is the lack of research that
establishes the specific time-dependent pathways
by which human health development phenotypes
are altered or protected by various internal and
external factors. A variety of studies suggest that
physical and social environments can alter a per-
son’s biology via epigenetic pathways that influ-
ence regulation of genetic pathways (Hertzman
and Boyce 2010). This “embedding” of experi-
ence seems to have its largest impact during spe-
cific sensitive periods of development. Why the
same experience engenders different outcomes
among individuals is one of the great mysteries
of health development. More work is needed to
elucidate these iterative and dynamic pathways
that connect environment to gene regulation to
physiological states to environmental impact.

8 Principle 5: Plasticity

8.1 What We Mean by “Plasticity”
Health development phenotypes are systemati-
cally malleable and are enabled and constrained
by evolution to enhance adaptability to diverse
environments.

The relative plasticity of these phenotypes is
responsive to transactions between evolutionarily
selected biological and behavioral conditioning
and supportive, challenging, and constraining
environments. These phenotypes have evolved to
provide adaptive capacity, plasticity (i.e., ability of
the organism to systematically alter its phenotype
in response to environmental challenges, opportu-
nities, barriers, and constraints), and growth poten-
tial, which in aggregate refer to the robustness of
an individual’s health development. Heredity
transmits these evolutionary signals through
genetic, epigenetic, behavioral, and cultural
dimensions (Jablonka and Lamb 2006), which
establish the set of health development phenotypes
that, depending on environmental circumstances,
may or may not be selected and optimized to pro-
duce desirable outcomes. At the microlevel, there
are a range of strategies to introduce variable types
and levels of plasticity to optimize adaptability
from the molecular to the behavioral level. At a
macro-level, there are social and cultural strategies
that organize the phases and life stages of health
development into functionally productive entities.

Because developmental plasticity enables the
genome to produce a repertoire of possible phe-
notypes based on environmental cues, an indi-
vidual begins their life with the capacity to
develop in different ways. Different exposures
and experiences select and instruct a develop-
mental pathway to respond based on these evolu-
tionary determined strategies. Underlying many
forms of plasticity are epigenetic process and
resulting cascades of secondary and tertiary
responses. Because plasticity can manifest at dif-
ferent levels, behavioral plasticity may be influ-
enced by neural plasticity, and neural plasticity in
turn may be influenced by molecular plasticity
influenced by epigenetic mechanisms (Bateson
and Gluckman 2011).
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Theories and Frameworks
Relevant to Plasticity

8.2

Evolution both enables and constrains the portfo-
lio of adaptive plastic responses that an individ-
ual may experience in response to environmental
interactions. Therefore, plasticity is relative, not
absolute. Although Darwin’s theory of evolution
(Darwin 1859; Huxley 1942) laid the foundation
for understanding the principle of plasticity,
more recent syntheses have expanded our under-
standing of heredity as including not just genetic
change but also epigenetic, behavioral, and cul-
tural phenomena that are transmitted across gen-
erations (Waddington 1942; West-Eberhard
2003; Richardson and Boyd 2005; Jablonka and
Lamb 2006; Konner 2011; Henrich 2015). These
evolutionary forces act at the individual and
group level, a perspective known as multilevel
selection theory (Okasha 2006).

In some cases, health development outcomes
result from the developing individual “predict-
ing” likely future environmental stimuli based on
the cues received during sensitive periods of
health development. This has been called “pre-
dictive adaptive responses” (Gluckman and
Hanson 2004). If the developing organism pre-
dicts incorrectly—that is, if the environment
experienced in the future is not compatible with
the cues received during periods of developmen-
tal plasticity —health development “mismatches”
will occur. This phenomenon can be observed
among individuals exposed in utero to maternal
malnutrition who later become obese and glucose
intolerant, a result of being born into an energy-
rich environment (Hales and Barker 1992).

8.3 Implications of the Plasticity

Principle

Evolution has acted on body systems in different
ways to encode various types and levels of health
development plasticity. The formation of some
biological subsystems is tightly controlled by
time and gene regulation (e.g., cardiovascular),
whereas others seem to have a range of pheno-
types that can emerge as a result of interactions

with the environment (e.g., stress response, exec-
utive function). New models are needed to
explain the deep archeology of evolution as it
relates to the emergence of health development.
Fields like comparative biology can test some of
these hypotheses by examining the degree to
which specific processes and pathways of health
development vary or are preserved across spe-
cies. For example, patterns of sleep have been
selected for and preserved across species in ways
that affect how sleep is regulated (Tamaki et al.
2016). Moreover, the success of human civiliza-
tion has removed much of the selection pressure
exerted by mortality, so optimization of specific
pathways may be more strongly influenced by
culture, behavioral, and epigenetic heredity
rather than genetic forces (Enriquez and Gullans
2015). This hypothesis should be tested.

The predictive adaptive response hypothesis
has accumulated a substantial amount of animal
and human evidence for energy regulation
(Gluckman and Hanson 2004a,b). This work
should be extended to other domains—for
example, behavioral health. Just as childhood
obesity may result from mismatches between
children’s energy regulation and exposure to
energy-dense environments, it is possible that
the proliferation of childhood disorders like
attention deficit hyperactivity disorder, anxiety,
and learning disabilities may be a consequence
of mismatches between predictive adaptive
behavioral responses and the demands children
face in terms of executive functioning, emo-
tional functioning, and learning in their home,
school, and other environments.

9 Principle 6: Thriving

9.1 What We Mean by “Thriving”
Optimal health development promotes survival,
enhances well-being, and protects against disease.

Health development bestows upon the individual
resources that have instrumental value, enabling an
individual to pursue goals and thrive (Seedhouse
2001; Blaxter 2004; Richman 2004; Forrest 2014).
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It provides assets that individuals employ to pursue
the beings and doings (Sen 1999) that characterize
each person’s lived experiences. Thus, health devel-
opment phenotypes are instrumental resources that
enable individuals to pursue desired goals and live
long, flourishing lives.

Health development phenotypes can be consid-
ered optimal according to the degree to which they
improve the chances of survival of individuals and
groups of individuals, the degree to which they
support transmission of heritable information to
successor generations, and the degree to which
they support physical robustness and psychologi-
cal flourishing (what we term thriving) across time
and within the contexts of its environments.

On the other hand, the pathways by which
health development phenotypes are formed can
be perturbed to create suboptimal states that are
precursors to fully formed disease phenotypes.
These so-called endophenotypes represent inter-
mediate, subclinical-phased transitions toward a
fully manifest phenotypic expression of a disease
or disorder (John and Lewis 1966; Gottesman
and Gould 2003). For example, the exposure to
unpredictable and uncontrollable stressors during
sensitive periods of neural development can
influence midbrain development and the func-
tional development of attachment relationships,
the prefrontal cortex and the functional develop-
ment of executive function, and the hypothalamic
pituitary axis and the regulation of stress
responses (Castellanos and Tannock 2002; Boyce
2016). Endophenotypes characterized by anxious
attachment, poor impulse control, and hyperac-
tive stress response can impact health behaviors
and mental health and contribute to the develop-
ment of many different chronic diseases includ-
ing obesity, diabetes, and cardiovascular disease
(Duric et al. 2016).

9.2 Theories and Frameworks

Relevant to Thriving

The principle of health development articulated
the singularity of the concepts of health and
development. The principle of thriving further
clarifies the nature of health development by

explicitly characterizing its instrumental nature.
That is, health development provides a set of
resources that organisms draw on in order to pur-
sue goals, such as surviving, achieving a state of
physical robustness and resilience, and psycho-
logical flourishing (Seedhouse 2001; Blaxter
2004; Committee on Evaluation of Children’s
Health 2004; Richman 2004; Forrest 2014).
Health development therefore enables the attain-
ment of various beings (states of happiness, life
satisfaction, and meaning and purpose) and
doings (desired activities that an individual pur-
sues) as individuals pursue their goals over the
life course (Sen 1999).

9.3 Implications of the Thriving

Principle

LCHD recognizes that phenotype is produced
by the continuous coactions of at least five fac-
tors: genome, epigenome, environment, devel-
opmental time, and life course stage. These
coactions do not merely produce single out-
comes; instead they produce landscapes of
possibilities with peaks and valleys shaped by
an individual’s life history, evolutionary deter-
mined possibilities and constraints, and the
five-way interaction. Which “attractor” state
(i.e., health development phenotype) an indi-
vidual settles in is the result of this complex,
nonlinear process. We know very little about
which attractor states are most likely to pro-
duce desirable outcomes (i.e., thriving) for
which individuals under which circumstances.
As we learn more about the interrelationships
among these variables, we will begin to forge
an ontology that specifies how health develop-
ment variables interrelate with one another,
their subsystems and suprasystem environmen-
tal influences, and their consequences.
Research is needed that links health develop-
ment phenotypes, singularly and collectively,
that enable individuals with varying personal
characteristics and environmental exposures to
lead long lives, avoid debilitating disease, and
achieve desirable goals and an optimal lived
experience.
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10 Principle 7: Harmony

10.1 What We Mean by “Harmony”
Health development results from the balanced
and coherent relations among molecular, physi-
ological, behavioral, cultural, and evolutionary
processes.

Genetic modulations that occur in molecular
time frames measured in nanoseconds are linked
to biochemical modulation measured in millisec-
onds, homeostatic mechanisms measured in sec-
onds to days, social norms that evolve or years and
decades, cultural processes that change from years
to centuries, and ecological processes that until
recently took millennia. Harmonious synchroniza-
tion of these processes produces the rhythms and
variability that characterize health development.
Loss of coordination of these processes results in
less robustness of the human system, with resul-
tant negative consequences. For example, the age
of menarche has decreased in response to a variety
of environmental changes that have resulted in
better health and nutrition. In traditional societies,
and until about 100 years ago, menarche coincided
with maturation of a repertoire of psychological
capabilities. Now, menarche precedes this process
of psychological maturation, which has also been
altered and extended by other cultural and envi-
ronmental changes (Gluckman and Hanson
2006b). So the adaptive response of menarche to
better nutrition and health has led to a temporal
and functional uncoupling of biological and psy-
chological capabilities that had previously been
harmonized. This has been associated with a range
of maladaptive outcomes (Mendle et al. 2007;
Ellis and Essex 2007).

10.2 Theories and Frameworks
Relevant to Harmony

The timing principle introduced the concepts of
time dependence, time sensitivity, and social
structuring of exposures. The harmony principle
extends these concepts by adding the notions of
harmonious and balanced relations of the various

biological, behavioral, environmental, and cul-
tural systems that an individual is embedded
within. Extension of the classic evolutionary
modern synthesis—which assumes that pheno-
typic transitions occur through a series of small
steps that result in gradual evolutionary change —
has questioned and advanced core assumption
about pace of such change. Gradualism has given
way in the extended evolutionary synthesis to the
notion that evolution can manifest variable rates
of change, especially when mutations occur in
major regulatory control genes or when develop-
mental process responds to environmental chal-
lenges with change in coordinated suites of traits
or via nonlinear threshold effects (Laland et al.
2015). Although key theories, frameworks, and
models in support of this principle come from
chronobiology (Kreitzman and Foster 2004),
developmental time (Kuzawa and Thayer 2011),
and adaptive developmental plasticity (Gluckman
et al. 2009), there is much more theoretical work
needed for this principle.

10.3 Implication of the Harmony

Principle

According to the principles of timing and plastic-
ity, we know that there are periods of the life
course when environmental influences can have
particularly large effects on health development
plasticity. The tremendous plasticity of humans
contributes to the robustness and the ordinary
magic of child health development (Masten
2001). We need better descriptions and
conceptualizations of developmental time as it
affects all levels and dimensions of health devel-
opment and how different time frames nest
together to produce coherent developmental
pathways and robustness and variability in phe-
notypic expression. This includes a better under-
standing of how molecular, physiologic,
developmental, historical, cultural, and evolu-
tionary time frames independently and in har-
mony influence phenotypic variation, through
genetic, epigenetic, and yet to be determined
mechanisms and pathways. Because develop-
mental time is uneven in its potency, intensity of
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change, and accessibility to environmental influ-
ences, there is a great need to better characterize
and measure these temporal parameters (Boyce
et al. 2012).

11 Summary

Health and development are unified into a single
construct (health development principle) that adap-
tively unfolds over the life course (unfolding prin-
ciple) according to the principles of complex
adaptive systems (complexity principle). Change in
health development results from time-specific pro-
cesses (timing principle) that influence biobehav-
ioral systems during sensitive periods when they are
most susceptible (plasticity principle), and the bal-
anced alignment of molecular, biological, behav-
ioral, cultural, and evolutionary process (harmony
principle) can result in developmental coherence.
Health development provides instrumental assets
that enable individuals and populations to pursue
desired lived experiences (thriving principle).

The Life Course Health Development frame-
work organizes its seven principles into a coher-
ent whole to enable the emergence of a new field
of science. The principles should not be viewed as
static, independent statements or claims. Instead,
they should be considered a set of nodes within a
highly interconnected knowledge producing and
testing network. We anticipate that these princi-
ples will change and evolve as the many fields
subsumed by the health development framework
themselves mature. Ultimately, we anticipate that
the framework will transform into a fully formed
theoretical model that enables explanation and
prediction of health development phenomena.
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Preconception and Prenatal
Factors and Metabolic Risk

Guoying Wang, Tami R. Bartell, and Xiaobin Wang

1 Introduction

There is growing evidence that early life may have
a profound impact on health and disease in later life
(Gluckman et al. 2008; Hales et al. 1991). Because
this growing evidence about the prenatal and pre-
conception origins of health and disease is vast, this
chapter will primarily focused on early life origins
of metabolic risk for obesity and type 2 diabetes
(T2DM). Obesity and type 2 diabetes affect all age
groups including mothers and young children
(International Diabetes Federation 2013), espe-
cially in poor minority populations (Al-Rubeaan
2015). Increasing evidence points to a profound
impact of early life factors (e.g., maternal obesity,
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diabetes, and unhealthy diet) on offspring metabolic
risk (Barbour 2014a), leading to a transgenerational
amplification of obesity and diabetes. The period
from conception to birth is a time of very rapid
growth, cellular differentiation, and functional mat-
uration of organ systems. This early life period is
particularly sensitive to alterations of the intrauter-
ine environment including the metabolic milieu.
Epigenomic variations (regulation of gene expres-
sion) are largely established in utero (Bogdarina
et al. 2004) and are particularly sensitive to prenatal
environmental factors that may have a lifelong
impact on health and disease. Moreover, babies that
are large at birth are more likely to be overweight or
obese in childhood, with these conditions persisting
into adulthood (Knittle et al. 1979; Rolland-Cachera
et al. 2006). Recent data suggest that elevated insu-
lin levels may also originate in utero and persist into
early childhood (Wang et al. 2014a). Taken together,
the prenatal period is a critical developmental stage
for obesity and metabolic outcomes (Wang et al.
2014b; Dietz 2004). In light of the global obesity
and T2DM epidemic and growing evidence of early
life origins of obesity and diabetes, early identifica-
tion of individuals at high risk and early prevention
of obesity and metabolic syndrome are a key to
achieve primary prevention and reverse the trends
of the obesity and T2DM epidemics.

As illustrated in Fig. 1, human health is inter-
connected from conception to fetal life to child-
hood and on into adulthood and influenced by
multilevel factors from gene to society. This
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Fig.1 Conceptual framework for preconceptional and prenatal factors and metabolic risk

chapter will discuss the impact of important
preconceptional and prenatal factors, including
maternal obesity and/or diabetes, gestational
weight gain, and maternal micronutrient status,
on in utero and lifelong metabolic outcomes and
the possible gene—environment interactions and
epigenetic mechanisms underlying early life ori-
gins of metabolic risk. Finally, it will provide
perspectives on current knowledge gaps and rec-
ommendations to advance the field.

2 The Effects of Maternal
Preconceptional Obesity
and/or Diabetes
and Micronutrient Status
on Offspring Metabolic
Outcomes

Evidence is growing about the associations
between early life exposures and later health.
Major exposures encompass multilevel and mul-
tifactorial influences from the societal level
through to individual lifestyle and biological fac-
tors. While a discussion of all of the possible
risks or protective factors is beyond the scope of
this chapter, below we highlight some important
preconceptional and prenatal factors, including

prepregnancy obesity, excessive weight gain dur-
ing pregnancy, preexistent or gestational diabe-
tes, and maternal micronutrient status.

2.1 Maternal Prepregnancy
Obesity and Gestational

Weight Gain

In parallel with the global obesity epidemic, the
prevalence of obesity among women of child-
bearing age has also increased. In 2009-2010,
the National Health and Nutrition Examination
Survey (NHANES) found that 56% of US women
aged 20-39 were overweight or obese (body
mass index (BMI) > 25 kg/m?), and in particular,
32% were obese (BMI > 30.0 kg/m?) (Flegal
et al. 2012). Thus, more than half of women start-
ing their pregnancy are already overweight or
obese, and most of them remain overweight or
obese during their entire pregnancy. To further
complicate things, women who are overweight or
obese going into pregnancy are at an increased
risk for developing metabolic disorders, such as
gestational diabetes mellitus (GDM) (Torloni
et al. 2009), hypertensive disorders of pregnancy
(Bautista-Castano et al. 2013), and excessive
gestational weight gain (GWG) (Chu et al.
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2009). More important, maternal obesity and its
relevant metabolic disorders may impact off-
spring metabolic risk in later life.

Excessive maternal prepregnancy weight and
GWG are consistent risk factors for offspring
obesity and cardiometabolic risk (Lawlor 2013;
Hochner et al. 2012). In the Jerusalem Perinatal
Family Follow-Up Study, greater maternal pre-
pregnancy BMI, independent of GWG and con-
founders, was significantly associated with
higher offspring blood pressures, serum insulin
and triglyceride concentrations, BMI, waist cir-
cumference, and lower high-density lipoprotein
cholesterol (Hochner et al. 2012). Of note, the
associations between maternal BMI and off-
spring BP, insulin, and lipids appeared to be
largely mediated by offspring concurrent body
size (both BMI and waist circumference)
(Hochner et al. 2012). This finding emphasizes
the impact that maternal adiposity may have
through offspring adiposity on various predictors
of subclinical and clinical disease, including dia-
betes mellitus and cardiovascular diseases. A
large US cohort study reported that excessive
maternal GWG was independently associated
with a 46% increased risk of overweight or obe-
sity in offspring at 2—5 years of age (Sridhar et al.
2014). In a retrospective cohort study, excessive
maternal GWG had an adverse impact on the risk
of childhood overweight and abdominal adipos-
ity (Ensenauer et al. 2013). Kaar et al. further
reported that maternal prepregnancy BMI was
not only associated with increased general adi-
posity (BMI) and abdominal adiposity (waist cir-
cumference) in offspring but visceral adipose
tissue at age 10 years (Kaar et al. 2014). A recent
study points to an association between maternal
excess weight in pregnancy and offspring BMI
increase from adolescence to adulthood
(Lawrence et al. 2014). Early pregnancy obesity
has also been associated with an increased risk of
premature death in adult offspring (Reynolds
et al. 2013a). To further the negative impact,
maternal prepregnancy BMI was also associated
with increased offspring insulin resistance at age
10 years (Kaar et al. 2014) and an increased risk
of developing T2DM (Dabelea et al. 2008).

Preexistent and Gestational
Diabetes

2.2

In parallel with the obesity epidemic is a diabetes
pandemic, which includes an increasing number
of women with type 1 diabetes (T1D), T2DM, and
GDM (Torloni et al. 2009). A body of studies has
established a link between exposure to maternal
diabetes in utero and metabolic risk in later life. In
a multiethnic population aged 6-13 years, expo-
sure to maternal GDM was associated with higher
BMI, waist circumference, and more abdominal
fat (Crume et al. 2011). Adjustment for socioeco-
nomic factors, birthweight, gestational age, mater-
nal smoking during pregnancy, diet, and physical
activity did not alter the associations; however,
adjustment for maternal prepregnancy BMI atten-
uated all associations (Crume et al. 2011), suggest-
ing that maternal obesity is an important mediator.
The studies in Pima Indians of the long-term
effects of diabetic pregnancy on offspring revealed
that the offspring of women with preexistent dia-
betes and GDM were more obese and had higher
glucose concentrations and more diabetes than the
offspring of nondiabetic women or women who
developed diabetes after pregnancy (Pettitt et al.
1993). In the Chicago Diabetes in Pregnancy
study, offspring of mothers with preexistent diabe-
tes and GDM had significantly higher 2-h blood
glucose and insulin levels and rate of impaired glu-
cose tolerance than the control group of nondia-
betic mothers (Silverman et al. 1995). In the
SEARCH Case—Control Study (Dabelea et al.
2008), maternal diabetes and obesity were associ-
ated with 5.7 times and 2.8 times the risk of T2DM
in young offspring aged 10-22 years, respectively.
Notably, combined prenatal exposure to maternal
diabetes and obesity could explain about 47% of
the offspring risk of T2DM (Dabelea et al. 2008).
Among Pima Indian adults, individuals whose
mothers had diabetes during pregnancy had a 40%
lower acute insulin response to a 25 g intravenous
glucose challenge than those whose mothers
developed diabetes at an early age but after the
birth of the child (Gautier et al. 2001).

One important mediator is maternal blood glu-
cose level during pregnancy. The Hyperglycemia
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and Adverse Pregnancy Outcome (HAPO) study
demonstrated that maternal glucose levels below
those diagnostic of diabetes were positively asso-
ciated with increased birthweight and cord blood
C-peptide levels (Metzger et al. 2008). Poor gly-
cemic control in women with pregestational dia-
betes increased the risk of congenital
malformations and spontaneous abortions
(Kendrick 2004; Miller et al. 1981). Although
T1D and T2DM have different pathogeneses, the
rates of pregnancy loss were similar (Cundy et al.
2007). Another factor related to diabetes is the
comorbidities. Diabetic gastropathy, a form of
diabetic neuropathy, not only worsens nausea and
vomiting but also can cause difficulty with glu-
cose control during pregnancy (Kitzmiller et al.
2008). Reece et al. reviewed the literature and
reported that maternal diabetic nephropathy is
complicated by hypertension (60%), preeclamp-
sia (41%), premature delivery (22-30%), and
fetal growth restriction (16%) (Reece et al. 1998).
Taken together, better control of blood glucose
levels and diabetic complications may improve
prenatal outcomes.

2.3 Maternal Micronutrient Status

Growing evidence suggests that maternal nutri-
tion, through its impact on the fetal intrauterine
environment, has a profound and lifelong influ-
ence on later health (Barker et al. 1993). Among
a number of specific nutrients that have been
implicated, folate is particularly important.
Folate is an essential vitamin B involved in
nucleic acid synthesis, DNA methylation, cellu-
lar growth, differentiation, and repair (Crider
et al. 2012; Kim 2000). The demand for folate
increases during pregnancy due to the need for
fetal and placental growth and uterus enlarge-
ment (Greenberg et al. 2011). The causal role of
folate deficiency in fetal neural tube defects
(NTDs) is well established (De Wals et al. 2007).
A recent study showed that low maternal folate
concentration was associated with higher BMI in
offspring at 5-6 years (Krikke et al. 2016). Our
study also showed that maternal low folate was
not only independently associated with offspring

overweight or obesity but also worsened the
adverse effects of maternal prepregnancy obesity
on offspring metabolic risk (Wang et al. 2016).
On the other hand, excess maternal folate sta-
tus may also link to offspring adverse metabolic
outcomes. A study in an Indian population
reported a positive association between maternal
folate level and offspring homeostatic model
assessment-insulin  resistance (HOMA-IR)
(Krishnaveni et al. 2014). What we gather from
the combined results of these studies is that opti-
mizing folate nutrition in women, and especially
OWO women, may offer a safe, simple, and
effective way to decrease the risk of transgenera-
tional obesity and diabetes.

2.4  Adverse Birth Outcomes

Birthweight reflects cumulative growth in utero.
A body of studies has suggested that maternal
obesity is associated with a risk for large for ges-
tational age (LGA) or macrosomia in the off-
spring (Bautista-Castano et al. 2013). In addition,
Brumbaugh et al. demonstrated that newborns of
obese mothers with GDM showed increased
intrahepatic fat at birth (Brumbaugh et al. 2013).
Prepregnancy obesity also has been shown to
increase the risk of Cesarean section (Martin
et al. 2015; Dzakpasu et al. 2014) and preterm
birth (Cnattingius et al. 2013). In a case—control
study of 914 women with pregestational diabetes
and 4000 controls, diabetes was associated with
an increased risk of preterm birth (Cnattingius
et al. 1994). Maternal diabetes has also been
linked to macrosomia and Cesarean section
(Barbour 2014b; Koyanagi et al. 2013).

These adverse birth outcomes are also associ-
ated with obesity and metabolic syndrome
(including hypertension, dyslipidemia, obesity,
and insulin resistance/diabetes) in later life.
Hypertension: Previous studies demonstrated
that preterm birth was associated with hyperten-
sion in childhood (Sipola-Leppanen et al. 2014)
and adulthood (Irving et al. 2000; Johansson
et al. 2005). In a prospective study, Irving et al.
found that preterm birth was associated with the
risk of hypertension and hyperglycemia in adult-
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hood (Irving et al. 2000). A meta-analysis of 27
studies further confirmed that preterm birth was
associated with cardiovascular risk factors, such
as higher systolic and diastolic blood pressure
and low-density lipoprotein cholesterol in adult-
hood (Parkinson et al. 2013). Even more
interesting is that the difference in blood pressure
between those born preterm and those born at
term may be greater in women than in men
(Parkinson et al. 2013). Dyslipidemia: A large
cohort study reported that boys born early pre-
term had 6.7% higher total cholesterol, 11.7%
higher low-density lipoprotein cholesterol (LDL-
C), and 12.3% higher apolipoprotein B concen-
trations than their term peers (Sipola-Leppanen
et al. 2014). Obesity: As fat deposition occurs
largely during the third trimester of pregnancy,
preterm babies are born with low levels of body
fat (Rigo et al. 1998; Uthaya et al. 2005).
Postnatally, preterm babies are more likely to
gain excessive weight, a known risk factor of
childhood obesity (Ong et al. 2000), and tend to
have a higher proportion of central adiposity
(Uthaya et al. 2005). Insulin resistance/diabetes:
Like children who were born at term and small
for gestational age (SGA), children born preterm
have lower insulin sensitivity (Wang et al. 2014a;
Hofman et al. 2004). Hovi et al. reported that pre-
term birth itself, independent of birth size, may
contribute to insulin resistance, elevated blood
glucose, and higher blood pressure (BP) in young
adulthood (Hovi et al. 2007). In addition, a
Swedish study found that preterm birth was asso-
ciated with later T2DM: the hazard ratio for
T2DM comparing very preterm (<32 weeks of
gestation) with term birth was 1.67 (Kaijser et al.
2009). There is a particular lack of large-scale
longitudinal birth cohort studies to examine the
effects of preterm birth on metabolic outcomes
over critical developmental windows. One pro-
spective birth cohort study found that preterm
birth is associated with elevated plasma insulin
levels (indirect evidence of insulin resistance) at
birth that persist to age 6.5 years (Wang et al.
2014a), suggesting that insulin resistance origi-
nates in utero and persists into later life. There is
also evidence from a mechanistic study, which

revealed that preterm birth increased the risk of
T2DM via diminished insulin sensitivity
(Pilgaard et al. 2010), and yet another study
showed that preterm birth was associated with
changes in the cord blood adipokine profile that
may contribute to the impairment of glucose
metabolism (Bhargava et al. 2004).

3 Mechanisms/Pathways
Underlying Early Life Origins
of Metabolic Risk

Compelling evidence suggests that prenatal expe-
riences influence metabolic alterations in late life
via multiple pathways, including genetic, in utero
environment, gene—environment interaction, and
epigenetic and shared familial socioeconomic
and lifestyle factors (Fig. 1).

3.1 Genetics

Several lines of evidence support that genetics
play a key role in the long-term effects of mater-
nal obesity and diabetes on offspring metabolic
risk. First, obesity and diabetes tend to aggregate
among families. We also know that GDM is asso-
ciated with a history of T2DM. One study showed
that, compared to women with nondiabetic par-
ents, women with any parental history of T2DM
experienced a 2.3-fold increased risk of GDM,
suggesting that the risk of GDM was positively
associated with parental history of T2DM
(Williams et al. 2003). Second, the extensive
study of genetic variation in obesity and diabetes
has led to the identification of numerous candi-
date genes. Although currently identified genetic
markers only explain a small proportion of meta-
bolic risks, twin studies reveal that BMI, body fat,
and insulin sensitivity are all highly heritable
(Zhang et al. 2009; Ouyang et al. 2010). Finally,
some gene variants related to adult diseases have
been linked to offspring outcomes. A epidemio-
logical study showed that a genetic risk score
(GRS) comprised of SNPs associated with adult
obesity-related traits may provide an approach for
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predicting LGA birth and newborn adiposity
beyond established risk factors (Chawla et al.
2014). A genome-wide association study of
women of European descent established that
common variants near the melanocortin-4 recep-
tor (MC4R) influence fat mass, weight and obe-
sity risk and over transmission of the risk allele to
obese offspring (Loos et al. 2008). GDM is not
only associated with later risk of diabetes in moth-
ers but also with metabolic changes that may lead
to the development of diabetes in their offspring
(Silverman et al. 1998). Some genes and their
interactions in functional networks between the
mother and fetus may also play a role in organ
development (Charalambous et al. 2007).

Additionally related is the fetal insulin hypoth-
esis proposed by Drs. Hattersley and Tooke,
which highlights that fetal genetic factors affect
not only insulin-mediated fetal growth by regu-
lating either fetal insulin secretion or insulin sen-
sitivity but also insulin resistance in childhood
and adulthood (Hattersley and Tooke 1999). One
example is the case in which a mother transmits
mutations and pleiotropic effects in the glucoki-
nase gene to her child. The glucokinase gene
codes for the glycolytic enzyme glucokinase,
which acts as the pancreatic beta-cell glucose
sensor (Matschinsky et al. 1993). Such mutations
result in mild beta-cell dysfunction with slightly
elevated fasting blood glucose concentrations,
which is present in early childhood and shows
little change with age (Hattersley 1998).

3.2 Intrauterine Environment

Based on observational research, Barker et al. pro-
posed the fetal programming hypothesis, which
conceptualized that intrauterine experiences mod-
ify fetal systems and influence health in later life
(Hales and Barker 1992). Fetal development
responds to changes in the in utero environment in
response to changing metabolism, hormone pro-
duction, and tissue sensitivity to hormones
(Gluckman et al. 2008). These adaptive changes
may influence the relative development of various
organs, leading to persistent alterations in physio-
logic and metabolic homeostasis. Maternal pre-

pregnancy BMI: In a large cohort of 4,091
mother—father—offspring trios in Britain, research-
ers found that the association between parental
prepregnancy BMI and offspring adiposity at ages
9-11 years was str