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ABSTRACT

Neurodevelopmental delay in early childhood represents a significant global health burden
with lifelong implications for individual potential and societal human capital. The etiology of
these delays is multifactorial, arising from complex interactions between genetic susceptibility
and environmental exposures across prenatal and postnatal developmental windows. This
comprehensive review synthesizes current evidence from epidemiological cohorts,
neurobiological studies, and genetic investigations to examine the relative contributions and
mechanistic pathways of prenatal and postnatal risk factors. Prenatal determinants examined
include maternal metabolic conditions (obesity, diabetes, hypertension), maternal mental health
disorders (stress, anxiety, depression), nutritional deficiencies (iron, iodine, folate),
environmental toxicants, and genetic variants. Postnatal factors analyzed encompass maternal
stress during the first year of life, preterm birth complications, low birth weight, nutritional
insufficiency, infectious and inflammatory exposures, and socioeconomic determinants.
Emerging evidence demonstrates that while prenatal factors establish foundational
neuroarchitecture through fetal programming mechanisms, postnatal environmental influences
may exert stronger direct effects on developmental trajectories and present greater opportunities
for resilience-building interventions. Critical gene-environment interactions modify individual
susceptibility, with pathogenic variants in glutamatergic, dopaminergic, and synaptic pathways
conferring differential vulnerability to environmental stressors. The pooled prevalence of
developmental delay in low- and middle-income countries reaches 18.83%, with maternal
education and low birth weight identified as predominant determinants. This review advocates
for integrated life-course perspectives in clinical practice and public health policy, emphasizing
that targeted postnatal interventions can significantly modify developmental outcomes
irrespective of prenatal adversity.

KEY WORDS: Neurodevelopmental delay, prenatal factors, postnatal factors, fetal
programming, maternal stress, low birth weight, preterm birth, gene-environment interaction,
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INTRODUCTION

The first one thousand days of life—from conception through the second postnatal year—
represent a period of unparalleled neuroplasticity and vulnerability during which the
foundational architecture of the human brain is established . This critical developmental window
encompasses neuronal proliferation, migration, synaptogenesis, myelination, and the refinement
of functional neural circuits. Disruptions to these precisely orchestrated processes can result in
neurodevelopmental delay, a heterogeneous category of conditions characterized by significant
deviations from age-expected milestones in cognitive, motor, language, or socio-emotional
domains . Neurodevelopmental delay affects approximately 15% to 20% of children globally,
with prevalence estimates varying substantially based on diagnostic criteria, assessment
methodologies, and geographic context . In low- and middle-income countries, recent meta-
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analytic evidence demonstrates a pooled prevalence of confirmed developmental delay of
18.83% (95% confidence interval: 15.53–22.12), with regional estimates reaching 26.69% in
African populations—substantially exceeding rates documented in high-income nations . These
disparities reflect the disproportionate burden of preventable risk factors in resource-limited
settings and underscore neurodevelopmental delay as a critical global health equity issue.

The consequences of early neurodevelopmental impairment extend far beyond childhood.
Longitudinal studies have established robust associations between developmental delays in the
first five years and diminished adult human capital, including lower educational attainment,
reduced lifetime earnings, increased healthcare utilization, and elevated risks of psychiatric
comorbidity . The Developmental Origins of Health and Disease hypothesis, originating from
Barker’s seminal work on prenatal malnutrition and cardiovascular outcomes, provides a
theoretical framework for understanding how adverse early-life exposures permanently influence
physiology, metabolism, and neurobiology through fetal programming mechanisms . A persistent
challenge in developmental programming research has been disentangling the relative
contributions of prenatal and postnatal environmental factors to offspring neurodevelopmental
outcomes while adequately accounting for genetic confounding . Traditional research paradigms
have predominantly emphasized prenatal determinants, reflecting the intuitive appeal of
intrauterine programming and the methodological convenience of pregnancy-based cohort
enrollment. However, emerging evidence from large longitudinal cohorts employing advanced
causal inference methods suggests that postnatal environmental factors may exert stronger
associations with neurodevelopmental outcomes than previously recognized .

This comprehensive review aims to synthesize current multidisciplinary evidence regarding
prenatal and postnatal factors contributing to neurodevelopmental delay in young children.
Specifically, we seek to: (1) characterize the major prenatal determinants across biological,
nutritional, psychosocial, and genetic domains; (2) examine critical postnatal factors
encompassing medical complications, nutritional exposures, caregiving environments, and
socioeconomic contexts; (3) evaluate the relative contributions and potential interactions
between prenatal and postnatal influences; (4) elucidate underlying mechanistic pathways
including epigenetic modification, hypothalamic-pituitary-adrenal axis programming,
inflammatory mediation, and gene-environment interactions; and (5) identify implications for
clinical practice, public health policy, and future research directions. Understanding the full
spectrum of developmental risk factors across the prenatal-postnatal continuum is essential for
designing effective prevention and intervention strategies. If postnatal factors predominate, there
exists considerable optimism that targeted interventions during infancy and early childhood can
meaningfully alter developmental trajectories regardless of prenatal adversity . Conversely, if
prenatal factors exert deterministic effects resistant to postnatal modification, prevention efforts
must concentrate primarily on optimizing maternal health prior to and during pregnancy. The
weight of current evidence suggests a more nuanced reality: prenatal factors establish initial
developmental parameters and susceptibility thresholds, while postnatal environments
powerfully modulate whether children realize or deviate from their neurodevelopmental
potential .

LITERATURE REVIEW

HISTORICAL EVOLUTION OF DEVELOPMENTAL ORIGINS RESEARCH

The conceptual framework linking early-life exposures to long-term health outcomes
originated with the pioneering epidemiological work of David Barker and colleagues in the
1980s and 1990s. Investigating geographic variations in cardiovascular disease mortality within
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England and Wales, Barker identified striking correlations with infant mortality rates decades
earlier, leading to the formulation of the fetal origins hypothesis . This hypothesis proposed that
undernutrition during critical periods of fetal development induces permanent structural and
metabolic adaptations—collectively termed fetal programming—that confer survival advantages
in utero but increase disease susceptibility in postnatal environments characterized by nutritional
abundance. Subsequent research progressively extended this framework beyond cardiovascular
and metabolic outcomes to encompass neurodevelopment and mental health. The application of
developmental origins concepts to neurodevelopmental outcomes required conceptual refinement,
acknowledging that brain development differs fundamentally from the development of other
organ systems in its prolonged developmental trajectory, experience-dependent plasticity, and
exquisite sensitivity to both nutritional and psychosocial environments . Contemporary
developmental programming research has evolved from deterministic models of prenatal
programming toward more dynamic, transactional frameworks that recognize bidirectional
influences across development. The prenatal programming of environmental sensitivity
hypothesis proposed that prenatal stress exposures program offspring to exhibit heightened
sensitivity to both adverse and supportive postnatal experiences . While recent empirical
investigations have not consistently supported multiplicative interactions predicted by this
hypothesis, the broader recognition that prenatal factors establish differential susceptibility to
postnatal environments remains conceptually valuable .

EPIDEMIOLOGICAL BURDEN AND GLOBAL DISPARITIES

Systematic quantification of the global burden of neurodevelopmental delay has been
substantially advanced by recent meta-analytic syntheses. The comprehensive systematic review
and meta-analysis by Wondmagegn and colleagues (2024), encompassing primary studies from
low- and middle-income countries across multiple continents, established a pooled
developmental delay prevalence of 18.83% . This estimate substantially exceeds comparable
figures from high-income settings, where prevalence typically ranges from 5% to 10%
depending on case definitions and ascertainment methods. Geographic heterogeneity within low-
and middle-income countries is pronounced. Subgroup analysis revealed that African studies
reported the highest pooled prevalence at 26.69% (95% CI: 15.78–37.60), compared to estimates
of 16.89% from Asian studies and 15.64% from South American investigations . These
disparities likely reflect intersecting vulnerabilities including higher rates of maternal
undernutrition, infectious disease burden, limited healthcare infrastructure, and concentrated
poverty. The magnitude of developmental delay in low-resource settings carries profound
implications for global development. The Lancet Series on Early Childhood Development
estimated that over 250 million children under five years in low- and middle-income countries
are at risk of not reaching their developmental potential due to stunting and poverty . This
represents not only an individual tragedy for affected children and families but also a substantial
impediment to national economic development, as compromised neurodevelopment diminishes
future human capital, workforce productivity, and intergenerational wellbeing.

CONCEPTUAL CHALLENGES IN DISENTANGLING PRENATAL AND
POSTNATAL EFFECTS

A persistent methodologic challenge in developmental origins research involves adequately
separating prenatal from postnatal environmental influences while controlling for genetic
confounding . Mothers who experience high stress, poor nutrition, or substance use during
pregnancy are substantially more likely to provide similar environments postnatally, creating
autocorrelation between exposure periods that complicates causal inference. Furthermore,
genetic variants influencing maternal phenotypes may be transmitted to offspring, producing
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associations between prenatal exposures and child outcomes that reflect shared genetic liability
rather than causal environmental programming.

Traditional analytic approaches, including multivariable regression with adjustment for
postnatal covariates, remain vulnerable to residual confounding and may produce biased
estimates of prenatal effects. The application of advanced causal inference methods represents a
significant methodological advance. Marginal structural models with inverse probability
weighting can appropriately handle time-varying confounding and selection bias in longitudinal
observational studies . Instrumental variable approaches, sibling comparison designs, and natural
experiment methodologies offer complementary strategies for strengthening causal inference in
developmental origins research. The study by Matsumura and colleagues, analyzing data from
over 80,000 mother-toddler dyads using marginal structural models, exemplifies
methodologically rigorous disentanglement of prenatal and postnatal effects . This investigation
found that while both prenatal and postnatal maternal stress were associated with increased risk
of developmental delay, postnatal stress demonstrated significantly stronger associations
(adjusted odds ratio: 1.25 versus 1.08 for prenatal stress). Importantly, these effects were
additive rather than multiplicative, with children exposed to both prenatal and postnatal maternal
stress facing the highest risk .

PRENATAL FACTORS

MATERNAL METABOLIC CONDITIONS AND INFLAMMATORY MEDIATORS
- Maternal metabolic health during pregnancy exerts profound influences on fetal
neurodevelopment through multiple interconnected mechanisms, with chronic low-grade
inflammation emerging as a central mediating pathway . Obesity, gestational diabetes, and
hypertensive disorders of pregnancy—conditions that frequently co-occur and share underlying
metabolic dysfunction—have each been independently associated with elevated risks of
neurodevelopmental delay in offspring.

Obesity and Overweight. Prepregnancy obesity and excessive gestational weight gain
affect approximately one-third of pregnancies in high-income countries, with rapidly increasing
prevalence in low- and middle-income nations undergoing nutritional transition. Maternal
obesity creates a pro-inflammatory intrauterine environment characterized by elevated
circulating concentrations of interleukin-6, tumor necrosis factor-alpha, and C-reactive protein,
which can cross the placenta and directly influence fetal brain development . Additionally,
maternal obesity is associated with altered placental structure and function, impaired
macronutrient and micronutrient transfer, and perturbations in leptin and adiponectin signaling
that affect fetal hypothalamic development. Systematic reviews have documented associations
between maternal prepregnancy obesity and increased risks of cognitive delay, attention-deficit
hyperactivity disorder, and autism spectrum disorder in offspring . These associations persist
following adjustment for socioeconomic status, maternal education, and postnatal obesity,
suggesting specific intrauterine mechanisms rather than merely confounding by shared familial
characteristics.

Gestational Diabetes. Diabetes during pregnancy exposes the developing fetal brain to
intermittent or sustained hyperglycemia, associated oxidative stress, and disturbances in iron
transport. Maternal hyperglycemia increases fetal insulin production, which upregulates oxygen
consumption and can exacerbate relative hypoxia. The resulting oxidative stress may damage
developing neurons and glial cells, particularly in regions with high metabolic demand such as
the hippocampus and cerebellum . Epidemiological evidence indicates that gestational diabetes,
particularly when inadequately controlled, is associated with modest but consistent decrements
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in cognitive performance and increased risks of motor delay. The severity of
neurodevelopmental impact appears related to the degree and duration of maternal
hyperglycemia, supporting dose-response relationships consistent with causal interpretation .

Hypertensive Disorders. Preeclampsia and gestational hypertension compromise
uteroplacental blood flow, reducing oxygen and nutrient delivery to the developing fetus.
Chronic placental hypoperfusion triggers fetal adaptations that prioritize blood flow to vital
organs at the expense of brain development. Furthermore, preeclampsia is associated with
endothelial dysfunction, elevated inflammatory cytokines, and angiogenic imbalance that may
directly affect neurodevelopment independent of effects on fetal growth . Children exposed to
preeclampsia demonstrate increased risks of cognitive impairment, cerebral palsy, and
neurosensory deficits . Elevated placental blood flow resistance, detectable via Doppler
ultrasonography, has been identified as a critical risk factor for global neurological delay
independent of birth weight and gestational age .

MATERNAL MENTAL HEALTH AND STRESS PHYSIOLOGY

Maternal psychological distress during pregnancy represents one of the most extensively
studied and consistently replicated prenatal risk factors for adverse neurodevelopmental
outcomes . The scope of this association encompasses maternal stress, anxiety, depression, and
trauma exposure, with effect sizes varying based on the timing, chronicity, and severity of
exposure.

Biological Mechanisms. The primary mechanistic pathway linking maternal psychological
distress to altered fetal neurodevelopment involves perturbations in the hypothalamic-pituitary-
adrenal axis. Maternal stress activates the maternal hypothalamic-pituitary-adrenal axis,
increasing cortisol production. While the placenta expresses 11-beta-hydroxysteroid
dehydrogenase type 2, which metabolizes approximately 80% to 90% of maternal cortisol before
it reaches the fetal compartment, chronic or severe stress can overwhelm this enzymatic barrier .
Fetal cortisol exposure influences neuronal differentiation, synaptic pruning, and the
development of corticolimbic structures including the hippocampus, amygdala, and prefrontal
cortex—regions critically involved in cognitive function, emotional regulation, and stress
responsivity.

Beyond glucocorticoid mediation, maternal stress alters placental function through changes
in catecholamine levels, serotonin transporter expression, and nutrient transporter activity.
Stress-induced reductions in uteroplacental blood flow may compound direct neuroendocrine
effects through chronic mild hypoxia .

Neurodevelopmental Consequences. Prenatal stress exposure has been linked to multiple
domains of neurodevelopmental impairment. Meta-analytic evidence documents associations
with cognitive deficits, language delay, attention problems, internalizing behaviors, and reduced
adaptive functioning . Structural neuroimaging studies have identified reduced hippocampal
volume and altered amygdala connectivity in children and adolescents exposed to high levels of
prenatal maternal stress. The developmental timing of stress exposure may influence specific
neurodevelopmental outcomes. Early gestational stress appears more strongly associated with
alterations in brain structure and increased risk of neurodevelopmental disorders, while later
gestational stress may preferentially affect emotional and behavioral regulation . However,
precise characterization of timing-specific effects requires further investigation with prospective
repeated-measures designs.
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Differential Susceptibility. A critical insight from contemporary developmental
psychopathology is that children vary substantially in their sensitivity to both adverse and
supportive environmental conditions. Genetic variants affecting dopamine signaling, serotonin
transport, and brain-derived neurotrophic factor have been identified as moderators of prenatal
stress effects . These gene-environment interactions challenge universal risk models and suggest
that prenatal stress exerts programming effects within the context of individual genetic
susceptibility.

Maternal nutrition and specific micronutrient deficiencies Optimal fetal brain
development requires adequate maternal supply of multiple micronutrients that serve as
structural components, enzymatic cofactors, and signaling molecules in neurodevelopmental
processes . Deficiencies in critical nutrients during sensitive developmental windows can
produce lasting deficits that may not be fully reversible by subsequent nutritional repletion.

Iodine. Iodine is an essential component of thyroid hormones, which regulate neuronal
proliferation, migration, and myelination. Severe maternal iodine deficiency causes cretinism,
characterized by profound intellectual disability and neurological impairment. Even mild to
moderate iodine deficiency—which affects an estimated 30% of the world’s population—is
associated with suboptimal cognitive development, with meta-analyses demonstrating 6.9 to 10.2
intelligence quotient point decrements in iodine-deficient populations .

The neurodevelopmental consequences of iodine deficiency are most severe when occurring
during the first trimester, as fetal thyroid hormone production does not begin until approximately
12 to 14 weeks gestation. Prior to this point, the fetus is entirely dependent on maternal thyroid
hormone transfer .

Iron. Iron is required for myelination, dopamine receptor synthesis, hippocampal
dendritogenesis, and oxidative metabolism in neurons. Maternal iron deficiency, which affects
up to 50% of pregnancies in low-income countries, reduces fetal iron stores and increases risk of
neonatal iron deficiency. Offspring of iron-deficient mothers demonstrate altered auditory
recognition memory in the neonatal period and persistent cognitive deficits through school age .

Folate. Periconceptional folic acid supplementation is well-established for prevention of
neural tube defects. Emerging evidence suggests folate may also influence broader
neurodevelopmental trajectories. Maternal folate status during pregnancy has been positively
associated with child cognitive performance and negatively associated with risks of autism
spectrum disorder and language delay . These effects likely reflect folate’s essential role in one-
carbon metabolism, DNA methylation, and nucleotide synthesis during periods of rapid neural
cell division.

ENVIRONMENTAL TOXICANTS AND TERATOGENS

The developing fetal brain exhibits heightened vulnerability to environmental
neurotoxicants due to incomplete blood-brain barrier protection, reduced capacity for toxin
metabolism and excretion, and precise temporal windows of susceptibility for specific
developmental processes .

Alcohol. Prenatal alcohol exposure is a leading preventable cause of neurodevelopmental
disability worldwide. Fetal alcohol spectrum disorders encompass a continuum of effects ranging
from subtle neurobehavioral impairment to full fetal alcohol syndrome with characteristic facial
dysmorphology, growth deficiency, and central nervous system dysfunction . Alcohol disrupts
multiple neurodevelopmental processes including neuronal proliferation, migration, and survival,
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with particular vulnerability of the corpus callosum, basal ganglia, and cerebellum.

Air Pollution. Increasing evidence implicates ambient air pollution—particularly fine
particulate matter, nitrogen dioxide, and polycyclic aromatic hydrocarbons—in adverse
neurodevelopmental outcomes. Prenatal exposure to air pollution has been associated with
reduced cognitive function, attention problems, and increased autism spectrum disorder risk .
Proposed mechanisms include oxidative stress, neuroinflammation, and transplacental transfer of
combustion-derived particles.

Persistent Organic Pollutants. Polychlorinated biphenyls, organochlorine pesticides, and
polybrominated diphenyl ethers accumulate in adipose tissue and cross the placenta, with
demonstrated neurotoxic effects in both animal models and human cohorts. These compounds
interfere with thyroid hormone signaling and disrupt calcium-mediated signal transduction
critical for normal synaptic development .

GENETIC FACTORS AND INHERITED SUSCEPTIBILITY

Genetic variants contribute to neurodevelopmental delay both directly, as monogenic causes
of intellectual disability and developmental disorders, and indirectly, by modifying susceptibility
to environmental risk factors .

Monogenic Causes. Trio-based whole-exome sequencing studies have demonstrated
diagnostic yields of approximately 50% in children with unexplained neurodevelopmental delay
and neurodevelopmental comorbidities . Pathogenic variants are distributed across hundreds of
genes involved in synaptic function, transcriptional regulation, chromatin modification, and
intracellular signaling. Wu and colleagues (2024) identified that children presenting with severe-
profound neurodevelopmental delay, multiple neurodevelopmental comorbidities, accompanying
autism spectrum disorder, and head circumference abnormalities were significantly more likely
to achieve genetic diagnosis, with adjusted odds ratios ranging from 2.79 to 4.87 .

Copy Number Variants. Rare copy number variants contribute substantially to
neurodevelopmental disorders, with certain recurrent deletions and duplications (e.g., 16p11.2,
15q11.2, 22q11.2) conferring strongly elevated risk . These variants demonstrate incomplete
penetrance and variable expressivity, indicating important roles for genetic background and
environmental modification.

Gene-Environment Interactions. The emerging field of gene-environment interaction
research in neurodevelopmental disorders has identified specific genetic variants that moderate
susceptibility to environmental risk factors . Li and colleagues (2025) demonstrated that
pathogenic variants in glutamatergic signaling pathways were associated with heightened anxiety
disorder risk following environmental adversity (odds ratio: 3.8), while dopaminergic system
variants potentiated attention-deficit hyperactivity disorder risk (odds ratio: 4.2) . These findings
align with differential susceptibility frameworks suggesting that genetic variants conferring
vulnerability to adverse environments may simultaneously confer enhanced responsiveness to
supportive conditions.

POSTNATAL FACTORS

MATERNAL MENTAL HEALTH AND CAREGIVING ENVIRONMENT

Postnatal Maternal Stress. Accumulating evidence challenges the traditional primacy of
prenatal factors in developmental programming, suggesting that postnatal maternal mental health
may exert stronger direct effects on child neurodevelopmental outcomes . The large-scale cohort
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study by Matsumura and colleagues, employing rigorous causal inference methodology,
demonstrated that postnatal maternal stress assessed at one year postpartum was associated with
developmental delay risk with adjusted odds ratio of 1.25, compared to 1.08 for prenatal stress .

This differential association may reflect multiple mechanisms. Postnatal maternal stress
directly affects caregiving quality, including sensitivity, contingent responsiveness, and
provision of developmentally stimulating experiences. Depressed or anxious mothers engage in
fewer reciprocal vocalizations, provide less joint attention, and demonstrate reduced positive
affect during interactions—all of which compromise the experience-dependent learning
opportunities essential for optimal neurodevelopment .

Additionally, postnatal stress influences the broader caregiving environment, including
breastfeeding duration, adherence to well-child care, home safety, and enrollment in early
childhood programs. These cascading effects across multiple developmental support systems
may amplify the direct effects of maternal psychological distress on child development.

Mother-Infant Attachment. The quality of early attachment relationships represents a
critical postnatal determinant of socioemotional and cognitive development. Secure attachment,
which develops through consistent, sensitive caregiver responsiveness, provides the foundation
for emotion regulation, stress resilience, and exploratory behavior that promotes cognitive
development . In contrast, insecure or disorganized attachment patterns have been associated
with altered hypothalamic-pituitary-adrenal axis function, elevated baseline cortisol, and
increased risk of behavior problems.

Bergman and colleagues demonstrated that attachment security moderates the effects of
prenatal cortisol exposure on infant cognitive development, suggesting that positive postnatal
relationships can buffer the neurodevelopmental consequences of prenatal adversity . This
finding exemplifies the potential for postnatal interventions to modify developmental trajectories
established during fetal life.

PERINATAL COMPLICATIONS AND NEONATALMORBIDITY

Preterm Birth. Preterm birth, defined as delivery before 37 completed weeks of gestation,
represents a major determinant of neurodevelopmental outcome, with risk inversely related to
gestational age . While very preterm infants (<32 weeks) have long been recognized as a high-
risk population, accumulating evidence demonstrates that moderate and late preterm infants (32–
36 weeks) also face significantly elevated neurodevelopmental challenges .

The preterm brain is vulnerable to multiple insults including hypoxic-ischemic injury,
intraventricular hemorrhage, periventricular leukomalacia, and infection. Furthermore,
extrauterine brain development occurs in an environment substantially different from the
intrauterine milieu, potentially disrupting the precisely timed sequences of neuronal
differentiation, synaptogenesis, and myelination .

Specific neurodevelopmental consequences of preterm birth include deficits in intelligence
quotient, language impairment, attention problems, executive dysfunction, and motor
coordination difficulties that persist through school age and adolescence . Lacalle and
colleagues’ systematic review documented that preterm children consistently score lower on
intelligence quotient measures compared to full-term peers across 40 studies involving over
5,000 participants .

Low Birth Weight. Birth weight, whether reflecting preterm delivery or fetal growth
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restriction, independently predicts neurodevelopmental outcome. The meta-analysis by
Wondmagegn and colleagues identified low birth weight as the strongest perinatal determinant
of developmental delay, with pooled odds ratio of 3.61 (95% CI: 1.72–7.57) .

Low birth weight infants experience cumulative developmental risk through multiple
pathways. Intrauterine growth restriction reflects placental insufficiency or other pathological
processes that simultaneously restrict somatic growth and compromise brain development
through reduced oxygen and nutrient delivery. Postnatally, low birth weight infants are more
vulnerable to nutritional deficits, infection, and environmental deprivation that compound initial
neurological vulnerabilities .

Neonatal Complications. Specific neonatal morbidities among preterm and low birth
weight infants further increase neurodevelopmental risk. Bronchopulmonary dysplasia is
associated with chronic intermittent hypoxia, systemic inflammation, and prolonged
hospitalization—all of which may adversely affect brain development. Necrotizing enterocolitis,
particularly when requiring surgical intervention, increases risks of neurodevelopmental
impairment through inflammatory cascades and nutritional compromise. Severe retinopathy of
prematurity signals both direct retinal injury and broader neurological vulnerability .

Congenital Infections. Maternal infections during pregnancy—including cytomegalovirus,
toxoplasmosis, rubella, and Zika virus—can cause severe fetal brain injury with consequent
neurodevelopmental disability . Congenital toxoplasmosis, for example, is associated with
increased risk of hearing loss and language impairment, underscoring the importance of early
auditory screening in affected infants .

POSTNATAL NUTRITION AND EARLY FEEDING

Breastfeeding. Human milk provides optimal nutrition for infant brain development,
containing long-chain polyunsaturated fatty acids (particularly docosahexaenoic acid and
arachidonic acid), cholesterol, sialic acid, and multiple bioactive factors that support
neurodevelopment . Systematic reviews have documented modest but consistent cognitive
advantages among breastfed compared to formula-fed children, with dose-response relationships
favoring longer breastfeeding duration.

Delayed cord clamping, which increases neonatal iron stores through placental transfusion,
represents a low-cost, high-impact intervention for supporting optimal neurodevelopment . Iron
deficiency during infancy, which disproportionately affects breastfed infants without adequate
complementary feeding, is associated with irreversible cognitive and behavioral deficits.

Infant Growth Trajectories. Postnatal growth failure—particularly linear growth
retardation (stunting)—is strongly associated with compromised neurodevelopment. Stunting
affects approximately 150 million children under five years globally, with highest prevalence in
South Asia and sub-Saharan Africa . Stunting reflects chronic nutritional insufficiency and
repeated infectious insults, both of which directly impair brain development through energy
restriction, micronutrient deficiencies, and inflammatory mediation.

Conversely, accelerated postnatal growth following intrauterine growth restriction may
confer both benefits and risks. While rapid weight gain improves cognitive outcomes, excessive
acceleration increases metabolic syndrome risk, suggesting complex trade-offs requiring further
investigation .

EARLY CHILDHOOD ADVERSITY AND SOCIOECONOMIC DETERMINANTS
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Socioeconomic Status. Socioeconomic status exerts powerful, graded influences on
neurodevelopment across the full distribution of income and education. Children from lower
socioeconomic status families demonstrate, on average, reduced cognitive test scores, slower
language development, and higher rates of behavior problems compared to more advantaged
peers .

Maternal education level has emerged as a particularly robust determinant of developmental
outcome. The meta-analysis by Wondmagegn and colleagues documented pooled odds ratio of
3.04 (95% CI: 2.05–4.52) for developmental delay among children of mothers with low or no
formal education compared to educated mothers . Maternal education influences child
development through multiple pathways including health literacy, caregiving knowledge,
resource allocation, and engagement in developmentally supportive activities.

Early Childhood Adversity. Exposure to adverse childhood experiences during the early
postnatal period—including maltreatment, neglect, household dysfunction, and community
violence—confers substantially elevated risk for neurodevelopmental impairment . Chronic
stress exposure dysregulates developing stress response systems, with enduring consequences for
cognitive function, emotional regulation, and physical health.

Institutional rearing represents an extreme form of early psychosocial deprivation with well-
documented effects on brain development. The Bucharest Early Intervention Project, a
randomized controlled trial of foster care versus continued institutional care, demonstrated that
removal from institutional settings before two years substantially improved cognitive and
language outcomes, providing causal evidence for both the developmental toxicity of severe
deprivation and the remarkable neuroplasticity permitting partial recovery .

Family Functioning. Beyond socioeconomic resources, family process factors including
parenting quality, household organization, and interparental relationship quality significantly
influence neurodevelopment. Family dysfunction, characterized by conflict, disorganization, or
lack of emotional support, predicts adverse developmental outcomes independent of
socioeconomic status . These effects are mediated through both direct influences on child stress
physiology and indirect effects on the quality of developmentally supportive experiences
provided.

Inflammatory conditions and neuroimmune interactions - Emerging evidence implicates
early-life inflammatory disorders in altered neurodevelopmental trajectories. Huang and
colleagues identified strong associations between type 2 inflammatory diseases (asthma, atopic
dermatitis) and neurodevelopmental disorders including autism spectrum disorder and attention-
deficit hyperactivity disorder among low birth weight children .

The mechanistic basis for these associations likely involves shared genetic susceptibility,
systemic inflammatory effects on brain development, or both. Pro-inflammatory cytokines can
influence neurotransmitter metabolism, synaptic plasticity, and neuroendocrine function,
potentially contributing to both immune dysregulation and neurodevelopmental impairment .

DISCUSSION

Relative contributions of prenatal and postnatal factors - A central question in
contemporary developmental origins research concerns the relative importance of prenatal versus
postnatal environmental factors in shaping neurodevelopmental outcomes. Traditional
conceptual frameworks, influenced by the original fetal programming hypothesis, often implied
that prenatal exposures program fixed developmental trajectories resistant to subsequent
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modification . This perspective carried potentially pessimistic implications for children who
experienced prenatal adversity but could also be interpreted as absolving postnatal environments
of causal responsibility. Recent methodologically rigorous evidence challenges this formulation.
The finding that postnatal maternal stress demonstrates significantly stronger associations with
developmental delay than prenatal stress—and that these effects are additive rather than
multiplicative—supports a reconceptualization of developmental programming . Rather than
prenatal factors deterministically programming fixed outcomes, they appear to establish initial
parameters and susceptibility thresholds that are subsequently modulated, for better or worse, by
the quality of the postnatal caregiving environment.

This reconceptualization carries profound implications for intervention strategy. If postnatal
environments can substantially modify developmental trajectories irrespective of prenatal
exposures, then considerable optimism is warranted. Children exposed to prenatal adversity are
not consigned to poor outcomes but rather may be differentially responsive to supportive
postnatal interventions. The identification of significant gene-environment interactions, in which
genetic variants associated with neurodevelopmental disorders moderate sensitivity to
environmental conditions, further supports differential susceptibility frameworks .

However, it would be inappropriate to conclude that prenatal factors are unimportant.
Severe prenatal insults—including profound micronutrient deficiencies, high-dose alcohol
exposure, and catastrophic placental insufficiency—produce neurodevelopmental effects that
may be only partially ameliorated by optimal postnatal care. Furthermore, the strong
autocorrelation between prenatal and postnatal environments means that children exposed to
prenatal adversity are disproportionately likely to also experience suboptimal postnatal
conditions, creating cumulative developmental risk .

MECHANISTIC INTEGRATION: TOWARDMULTILEVEL MODELS

Advancing understanding of neurodevelopmental delay etiology requires integration across
levels of analysis, from molecular genetics through neurobiology to population epidemiology.
The preceding review identifies several convergent mechanistic themes.

Epigenetic Mediation. Epigenetic modifications—including DNA methylation, histone
modification, and non-coding RNA regulation—represent plausible mechanisms through which
environmental exposures become biologically embedded to influence long-term
neurodevelopmental trajectories . Prenatal nutritional status, stress exposure, and toxicants have
each been associated with altered DNA methylation patterns at genes involved in
neurodevelopment, glucocorticoid signaling, and synaptic plasticity.

The reversibility of environmentally induced epigenetic modifications remains incompletely
characterized but carries substantial implications for intervention timing. Some epigenetic marks
established during fetal development may be relatively stable, while others remain dynamic and
potentially modifiable through postnatal environmental enrichment or targeted pharmacological
interventions.

Inflammatory Cascades. Chronic low-grade inflammation emerges as a common pathway
linking diverse prenatal and postnatal risk factors to altered neurodevelopment . Maternal obesity,
diabetes, hypertension, depression, and anxiety are each associated with elevated inflammatory
biomarkers, and these elevations mediate associations with childhood neurodevelopmental
outcomes. Postnatally, childhood inflammatory disorders, recurrent infections, and nutritional
deficiencies that compromise immune function may similarly influence brain development
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through inflammatory mechanisms.

Stress Physiology. Dysregulation of hypothalamic-pituitary-adrenal axis function represents
another convergent pathway . Prenatal stress exposure programs offspring hypothalamic-
pituitary-adrenal axis set points and reactivity patterns, while postnatal caregiving quality can
either amplify or buffer these programmed tendencies. The resulting individual differences in
stress reactivity influence cognitive performance, emotional regulation, and behavioral
adaptation across development.

Neurotrophic Support. Brain-derived neurotrophic factor supports neuronal survival,
differentiation, and synaptic plasticity throughout development. Both prenatal and postnatal
environmental factors influence brain-derived neurotrophic factor expression, with stress and
inflammation generally downregulating and enrichment and physical activity upregulating this
critical neurotrophin. Brain-derived neurotrophic factor signaling may represent a final common
pathway through which diverse developmental experiences influence neurobehavioral outcomes.

IMPLICATIONS FOR CLINICAL PRACTICE

The evidence synthesized in this review supports several recommendations for clinical
practice.

Comprehensive Life-Course Assessment. Developmental surveillance and evaluation
should incorporate systematic assessment of both prenatal and postnatal risk factors. Prenatal
history should query maternal metabolic health, mental health, nutritional status, medication and
substance exposures, and pregnancy complications. Postnatal assessment should evaluate
perinatal course, infant growth and nutrition, caregiver mental health, family functioning, and
socioeconomic resources. This comprehensive approach enables identification of children at
elevated risk who may benefit from enhanced surveillance or early intervention.

Maternal Mental Health Integration. The finding that postnatal maternal stress
demonstrates stronger associations with child developmental delay than prenatal stress
underscores the importance of integrating maternal mental health screening and support into
pediatric care settings . Postpartum depression screening is increasingly implemented but
remains inadequately linked to accessible treatment resources. Pediatric providers should
advocate for integrated behavioral health services that address the interrelated needs of mothers
and young children.

Evidence-Based Early Intervention. Established early intervention programs, including
those based on nurturing care frameworks, have demonstrated effectiveness in improving
developmental outcomes for at-risk children . These interventions are most effective when
initiated early, sustained over time, and delivered with sufficient intensity. In low-resource
settings, task-sharing approaches employing community health workers can extend the reach of
evidence-based interventions.

Precision Approaches. Emerging understanding of gene-environment interactions suggests
that risk stratification and intervention matching may eventually be informed by genetic
information . Children with pathogenic variants conferring heightened environmental sensitivity
may benefit most from intensive early intervention, while those with lower genetic susceptibility
may achieve adequate outcomes with less intensive support. However, substantial ethical and
implementation challenges must be addressed before such approaches enter routine clinical
practice.
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IMPLICATIONS FOR PUBLIC HEALTH AND POLICY

Primary Prevention. Optimizing neurodevelopment requires primary prevention strategies
that address root causes of developmental risk. Preconception and prenatal interventions to
improve maternal nutrition, manage chronic health conditions, support mental health, and reduce
exposure to environmental toxicants can reduce the prenatal burden of developmental
vulnerability .

In low- and middle-income countries, where the prevalence of developmental delay is
highest and resources most constrained, cost-effective interventions including periconceptional
folic acid supplementation, iodine fortification, iron supplementation, and treatment of maternal
infections should be prioritized .

Reducing Socioeconomic Disparities. The strong, graded association between
socioeconomic status and neurodevelopmental outcomes reflects both differential exposure to
developmental risk factors and differential access to protective resources . Policies that reduce
child poverty, improve housing quality, ensure food security, and expand access to high-quality
early childhood education can narrow socioeconomic disparities in neurodevelopment.

Strengthening Early Childhood Systems. No single intervention can fully compensate for
cumulative developmental risk. Effective public health strategy requires coordinated, multi-
sectoral systems spanning health, nutrition, education, and social protection. The Nurturing Care
Framework, developed by the World Health Organization and UNICEF, provides an evidence-
based organizing structure encompassing health, nutrition, responsive caregiving, security and
safety, and early learning opportunities .

LIMITATIONS AND FUTURE RESEARCH DIRECTIONS

Methodological Limitations. The evidence base reviewed here has important limitations.
Much research on prenatal determinants relies on observational designs vulnerable to residual
confounding, despite recent advances in causal inference methodology. Genetically informed
designs, including Mendelian randomization and family-based studies, remain underutilized in
developmental origins research.

Measurement heterogeneity across studies complicates synthesis and meta-analysis.
Developmental delay is operationalized using diverse instruments, age ranges, and threshold
criteria, limiting comparability across investigations . International consensus on standardized
developmental assessment approaches for surveillance and research purposes would substantially
advance the field.

Geographic Imbalances. Research on neurodevelopmental determinants remains
concentrated in high-income countries, despite the disproportionate burden of developmental
delay in low- and middle-income nations . Context-specific risk and protective factors in
underrepresented populations may differ substantially from those identified in high-income
settings. Strengthening research capacity in low- and middle-income countries is essential for
generating locally relevant evidence.

Emerging Research Frontiers. Several emerging research directions warrant prioritization.
First, investigation of positive developmental trajectories—identifying factors that promote
resilience and recovery among children exposed to significant adversity—should complement
the predominant focus on risk and deficit. Second, translational research bridging basic
neuroscience, developmental psychology, and implementation science can accelerate the
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pathway from mechanistic understanding to effective intervention. Third, life-course studies
extending beyond early childhood can characterize how early neurodevelopmental status
influences adolescent and adult outcomes and identify opportunities for later intervention.

RESULTS

The synthesis of current evidence reveals distinct patterns of association between specific
prenatal and postnatal factors and neurodevelopmental outcomes in young children.

Prenatal Factors. Maternal metabolic conditions, including obesity, gestational diabetes,
and hypertensive disorders, are consistently associated with increased neurodevelopmental risk,
mediated through chronic inflammatory pathways . Maternal psychological distress during
pregnancy demonstrates robust associations with offspring cognitive, behavioral, and emotional
outcomes, with effect sizes moderated by exposure timing, chronicity, and genetic susceptibility .
Critical micronutrient deficiencies—particularly iodine, iron, and folate—contribute
substantially to developmental delay burden, especially in low-resource settings . Prenatal
alcohol exposure remains a leading preventable cause of neurodevelopmental disability . Genetic
factors contribute both as monogenic causes of neurodevelopmental disorders and as moderators
of environmental susceptibility .

Postnatal Factors. Postnatal maternal mental health, particularly stress and depression
during the first postpartum year, demonstrates stronger associations with child developmental
outcomes than prenatal maternal stress, with adjusted odds ratio of 1.25 compared to 1.08 in
rigorous comparative analyses . Preterm birth and low birth weight represent major determinants,
with low birth weight conferring pooled odds ratio of 3.61 for developmental delay . Postnatal
nutrition, including breastfeeding and infant growth trajectories, significantly influences
neurodevelopment . Socioeconomic determinants, particularly maternal education (pooled odds
ratio: 3.04), exert powerful influences on developmental trajectories . Early childhood adversity
and family dysfunction predict adverse outcomes independent of socioeconomic status .

Gene-Environment Interactions. Pathogenic genetic variants modify susceptibility to
environmental risk factors. Glutamatergic pathway variants confer heightened anxiety risk
following environmental adversity (odds ratio: 3.8), while dopaminergic system variants
potentiate attention-deficit hyperactivity disorder risk (odds ratio: 4.2) . These interactions follow
differential susceptibility patterns rather than simple diathesis-stress models.

Global Prevalence. The pooled prevalence of confirmed developmental delay in low- and
middle-income countries is 18.83% (95% CI: 15.53–22.12), with African studies demonstrating
highest estimates at 26.69% . These figures substantially exceed prevalence in high-income
settings and represent a critical global health disparity.

CONCLUSION

Neurodevelopmental delay in early childhood results from the dynamic interplay of prenatal
and postnatal factors operating across multiple levels of biological organization and
environmental context. Prenatal factors—including maternal metabolic health, nutritional status,
psychological well-being, environmental exposures, and genetic endowment—establish the
foundational parameters of neurodevelopment and shape individual susceptibility to subsequent
environmental influences. Postnatal factors—encompassing caregiving quality, nutritional
support, early medical and developmental interventions, and socioeconomic conditions—
powerfully modulate whether children achieve their developmental potential or deviate from
expected trajectories. The weight of current evidence challenges deterministic interpretations of
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fetal programming and supports greater optimism regarding the modifiability of
neurodevelopmental outcomes. Postnatal environmental factors demonstrate stronger
associations with child development than prenatal factors in rigorous comparative analyses, and
supportive postnatal interventions can substantially improve trajectories even for children
exposed to significant prenatal adversity . This is not to minimize the importance of optimizing
prenatal conditions but rather to recognize that the postnatal period offers critical opportunities
for resilience-building and developmental recovery. Global disparities in neurodevelopmental
outcomes reflect inequitable distribution of both prenatal and postnatal risk factors, with children
in low- and middle-income countries bearing disproportionate burden . Addressing these
disparities requires comprehensive strategies spanning preconception through early childhood
and integrating health, nutrition, education, and social protection sectors. Cost-effective, scalable
interventions exist but remain inadequately implemented at population level.

Future research should prioritize rigorous causal inference methods to strengthen evidence
for specific determinants, investigation of positive developmental trajectories and resilience
mechanisms, translation of mechanistic understanding into effective interventions, and
generation of context-specific evidence from underrepresented populations. Gene-environment
interplay, epigenetic mediation, and sensitive-period plasticity represent priority mechanistic
frontiers. The recognition that neurodevelopmental trajectories remain malleable well into
postnatal life carries profound implications for clinical practice, public health policy, and societal
investment in young children. By ensuring that every child benefits from optimal prenatal
conditions and supportive postnatal environments, we can fulfill the promise of the first one
thousand days and enable all children to achieve their full developmental potential.
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