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Abstract

Prenatal exposure to maternal heat stress alters fetal neurocognitive courses
through both direct physiological disruptions and indirect maternal stress
pathways. Maternal hyperthermia elevates core body temperature, triggering
systemic inflammation, placental insufficiency, and altered uterine blood flow,
which can limit the delivery of oxygen and vital nutrients to the developing
fetal brain. At the structural level, heat stress during critical gestational win-
dows can disrupt embryonic neural cell migration, alter synaptic integration,
and impair structural growth in key brain regions like the hypothalamus, thal-
amus and cerebral white matter. Concurrently, maternal hyperthermia trig-
gers elevated cortisol production and systemic stress responses that can alter
hypothalamic-pituitary-adrenal axis (HPA) regulation in the fetus. These
structural and endocrine disruptions increase the risk of congenital neurode-
velopmental defects and establish early vulnerabilities for altered behavioral
phenotypes, reduced cognitive capacity, and delayed psychomotor processing
later in childhood. During infancy and early childhood, heat stress continues
to impair neurocognitive development because of young children’s immature
thermoregulatory capacity and higher vulnerability of their brain to thermal
strain. Prolonged environmental heat exposure disrupts sleep patterns and el-
evates physiological stress responses, impeding the rapid synaptic pruning and
myelination necessary for optimal central nervous system maturation. Cogni-
tively, these physiological burdens manifest as reduced attentional allocation,
impaired working memory capacity, and diminished performance on execu-
tive function tasks. Furthermore, persistent thermal exposure during early
childhood is associated with slower white matter tract maturation, which im-
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pairs neural connectivity and contributes to long-term decrements in learning
ability, problem-solving, emotional regulation and academic performance.
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1. Introduction
1.1. Scope of the Review

Understanding how maternal and early childhood heat stress impact neurocogni-
tive course requires examining maternal cardiovascular changes, placental barrier
disruptions, fetal neuroendocrine shifts, cellular injury mechanisms, and long-
term cognitive outputs [1]-[3]. This review synthesizes the current experimental
evidence to delineate the physiological mechanisms, structural disruptions, and
neurocognitive sequelae associated with heat stress from conception through early
childhood.

1.2. Global Context

Rising global mean temperatures and the increasing frequency of extreme thermal
events pose an unprecedented challenge to environmental epidemiology, public
health, and perinatal medicine [4] [5]. While the physiological consequences of
thermal strain, such as cardiovascular stress, acute dehydration, and heat exhaus-
tion, are well-documented in adult populations, heat vulnerable developmental

windows during early human ontogeny remain particularly speculative [1] [2] [6].

1.3. Developmental Vulnerability

The central nervous system undergoes a tightly orchestrated temporal sequence
of structural and functional events beginning mere days post-conception and ex-
tending into late adolescence [1] [7] [8]. Disruptions of such events during critical
time windows in prenatal and early postnatal developmental period can produce
permanent alterations in brain structure and function [9]-[11]. Moving beyond
classical research into developmental neurotoxicology that focused predomi-
nantly on chemical teratogens, maternal infections, and nutritional deficiencies,
emerging physiological and epidemiological evidence identifies thermal stress as
a potent physical stressor capable of disturbing normal neurocognitive develop-
ment [1] [4] [9] [12] [13]. Thermal stress operates through two distinct yet over-
lapping biological epochs: The first is through prenatal exposure which operates
via maternal-placental-fetal pathways where elevated ambient temperatures inter-
act with maternal thermoregulation to alter uterine biology [4] [12]-[14]. The sec-
ond is through early postnatal life, where direct environmental exposure taxes the
infant’s immature thermoregulatory mechanisms, impairing metabolic homeo-

stasis during critical periods of brain maturation [15]-[18].
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1.4. Evidence Categorization and Epidemiological Limits

To evaluate the strength of current evidence, this review categorizes findings
across four layers of methodological framework. Human epidemiological cohorts
provide observational associations between maternal ambient heat exposure and
downstream childhood neurodevelopmental outcomes, although direct causality
cannot be inferred from these data [19]. Clinical physiological studies document
real-time maternal-fetal cardiovascular shifts, placental perfusion alterations, and
cutaneous vasodilation under thermal stress [19] [20]. Controlled animal models
delineate direct causal pathways and structural brain alterations under strictly reg-
ulated hyperthermic conditions [4]. Finally, hypothesized biological mechanisms,
such as fetal blood-brain barrier disruption and microglial activation, offer a the-
oretical bridge between experimental animal observations and human epidemio-

logical findings [20].

1.5. Thermal Exposure Taxonomy: Categorization of Thermal
Stressors

To accurately delineate biological pathways, thermal exposures are explicitly de-
fined across distinct operational categories: Structural teratogenesis and severe
disruption of embryonic cell migration are primarily supported by models of ma-
ternal core hyperthermia and fever [4] [21]. Conversely, subtle variations in birth
outcomes, white matter connectivity, and long-term academic outcomes are pre-
dominantly linked to chronic ambient temperature exposure and elevated heat
index metrics [22] [23]. Ambient Heat and Heat Index are macro-environmental
factor combining air temperature, relative humidity, and solar radiation that drive
external heat load [24] [25]. Maternal Core Hyperthermia is an elevation of inter-
nal body temperature exceeding physiological baseline (>38.0°C or >2.0°C above
baseline), resulting from severe environmental heat, exertional strain, or systemic
fever [26]. Occupational or Exertional Heat Strain is increased metabolic heat pro-
duction coupled with environmental exposure, commonly observed in physical
labor without adequate cooling or hydration [27]. Maternal Fever is endogenous
hyperthermia secondary to infectious or immune-mediated inflammatory cas-
cades [28] [29].

2. Prenatal Heat Stress and Fetal Physiology

2.1. Thermoregulation and Uteroplacental Perfusion

During normal pregnancy, maternal physiology undergoes adaptations to main-
tain thermal homeostasis and meet the metabolic demands of the growing fetus
[1] [30]. In response to pregnancy, basal metabolic rate increases, blood volume
expands, and peripheral vascular conductance rises to facilitate heat dissipation
[2] [31]. However, when ambient temperatures exceed physiological thresholds,
or when combined with high humidity or strenuous physical exertion, these com-
pensatory mechanisms can become overwhelmed [15] [16] [31] [32].

Maternal hyperthermia, is a class of thermal strain that alters hemodynamics
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across the uteroplacental vascular bed [1] [33] [34]. To prevent maternal over-
heating, the autonomic nervous system drives cutaneous vasodilation, redirecting
cardiac output toward the skin to promote evaporative and convective cooling [2]
[33]-[35]. This peripheral shunting of blood can reduce uterine blood flow [1]
[12] [33]. Because the fetus relies entirely on maternal circulation for gas exchange
and metabolic substrate delivery, maternal uterine hypoperfusion creates a cas-
cade of secondary physiological insults: whereby uterine hypoperfusion is fol-
lowed by placental ischemia accompanied by fetal hypoxia and substrate depriva-
tion [1] [12] [13] [33].

2.2. Placental Barrier and Inflammatory Cascades

The placenta acts as both a metabolic conduit and a selective immunological bar-
rier [12] [14] [30]. Maternal heat stress compromises this barrier function by in-
ducing placental oxidative stress and cellular apoptosis within the syncytiotroph-
oblastlayer [12] [31]. Hyperthermia of heat stress activates reactive oxygen species
(ROS) production, overwhelming endogenous antioxidant defenses and trigger-
ing inflammatory cascades within placental tissues [12] [14] [36] (Figure 1). Un-
der thermal strain, the placenta releases pro-inflammatory cytokines, including
Interleukin-6 (IL-6), Interleukin-1 beta (IL-1/), and Tumor Necrosis Factor-al-
pha (TNF-a) into both maternal and fetal circulations [12] [31]. These inflamma-
tory mediators cross the immature fetal blood-brain barrier (BBB), activating mi-
croglial cells and initiating neuroinflammatory responses within the developing
brain parenchyma [4] [12] [14] [37]. Consequently, fetal brain injury results not
only from heat itself, but also from systemic placental inflammation and metabolic
starvation [1] [12] [36] [37].

Maternal Heat Exposure

NS

Maternal Hyperthermia and Hypoxia

Placental Hypoperfusion and Ischemia Systemic Inflammation (IL-6, TNF-a, C3)

NS

Fetal Blood Brain Barrier Disruption and Neuroinflammation

Alterned Syaptogenesis and Migration Structural Growth Defect

Figure 1. Flow chart indicating how maternal heat exposure result in altered synaptogene-
sis and structural growth defect [30] [31] [36] [37].

3. Disrupted Neurogenesis and Regional Brain
Vulnerabilities

3.1. Neural Migration and Progenitor Cell Dynamics

The structural architecture of the human cerebral cortex relies on the precise,
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time-sensitive proliferation and migration of neural progenitor cells (NPCs) [1]
[38]. Radial glial cells within the ventricular and subventricular zones must divide
and give rise to neuroblasts, which migrate radially along glial fibers to construct
the six-layered neocortex [1] [38]. Elevated core temperatures during these critical
gestational windows disrupt cytoskeletal mechanics, alter mitotic spindle orienta-
tion, and induce premature differentiation or programmed cell death in prolifer-
ating progenitor populations [4] [39].

Experimental models demonstrate that elevated thermal exposure disrupts key
signaling cascades, such as the Wnt-f-catenin pathway, leading to a contraction
of the population of neural progenitor pool [1] [12] [40]. When neural migration
is disrupted, migrating neurons may arrest prematurely, leading to structural ab-
normalities like cortical dysplasia, heterotopias, and reduced cortical thickness [4]
(9] [39] [40].

3.2. Vulnerability of Structural Brain Regions

While thermal insults affect global brain maturation, specific subcortical and cor-
tical structures show heightened susceptibility depending on the timing of heat
exposure [4] [41]. Hence, maternal hyperthermia during gestation induces re-
gion-specific neurodevelopmental impairments, with the hypothalamus, thala-
mus, cerebral white matter, and neurulation processes exhibiting high vulnerabil-
ity to oxidative stress and inflammatory cascades depending on the timing of ex-
posure [1] [9] [12]. Critical periods in development determine the pathophysiol-
ogy, ranging from neural tube defects in the first trimester to myelination deficits
and long-term HPA axis dysfunction in later stages [1] [4] [37] [41] (Table 1).

Table 1. Table showing vulnerability of structural brain regions to thermal stress depend-
ing on the trimesters of pregnancy [1] [4] [9] [37] [41].

X Dominant Primary L. .
Gestational Clinical/Cognitive
. Neurodevelopmental Cellular/Structural . .
Period . Manifestation
Process Vulnerability
Neural fold closure
] . Neural Tube Defects,
. . . failure, progenitor .
First Trimester =~ Neurulation, Early . microcephaly,
] ; cell apoptosis,
(Weeks 1 -12) Proliferation . structural
disrupted .
. . malformations.
Whnt signaling.
Radial glial fiber Cortical dysplasia,

Second Trimester Neural Migration, disruption, ectopic  delayed psychomotor

(Weeks 13 - 28)  Early Synaptogenesis

li is,
Third Trimester Gliogenesis

(Weeks 29 - 40) Myelination, Axonal

Guidance

neuronal placement,
thalamic dysgenesis.

Pre-oligodendrocyte
injury, white matter
microstructural
compromise.

processing, impaired
sensory integration.

Reduced processing
speed, executive
dysfunction, lower
baseline IQ scores.
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4. Endocrine Alterations and HPA Programming

In addition to direct cellular and structural injury, maternal hyperthermia per-
turbs the fetal endocrine environment, particularly the hypothalamic-pituitary-

adrenal axis [4] (Figure 2).

Maternal Hyperthermia

U

Elevated Maternal Cortisol Production

J

Downregulation of Placental 115-HSD2 Enzyme

U

Premature Maturation and Sensitization of Fetal HPA Axis

U

Long-Term Endocrine Dysregulation and Stress Vulnerability

Figure 2. Flow chart indicating how maternal hyperthermia induce long-term endocrine
dysregulation and stress vulnerability [1] [12] [42]-[44].

Under physiological conditions, placental 114-hydroxysteroid dehydrogenase
type 2 (115-HSD2), produced in syncytotrophoblast, inactivates maternal cortisol
into cortisone, shielding the fetal brain from maternal stress hormones [12] [42]-
[44]. Placental hypoperfusion and cellular oxidative stress are hypothesized to
downregulate (113-HSD2) expression, based on animal models of uterine ische-
mia and direct hyperthermic cell strain [12] [43] [44]. Consequently, elevated lev-
els of maternal cortisol cross the placenta into the fetal circulation [4] [44]. How-
ever, direct human evidence confirming ambient heat-induced 115-HSD2 sup-
pression remains under investigation.

Premature exposure to elevated glucocorticoids alters fetal brain development
[4]. High cortisol levels inhibit neural cell proliferation, alter dendritic branching
in the hippocampus and amygdala, and downregulate glucocorticoid receptor
density in the fetal hypothalamus [14] [45] [46]. This premature activation re-
shapes fetal HPA axis programming, lowering the threshold for stress activation
in childhood [45] [46]. Children exposed to high prenatal heat levels often exhibit
baseline cortisol dysregulation, heightened anxiety, impaired emotional self-reg-

ulation, and increased susceptibility to behavioral disorders [4] [9] [14] [46].

5. Postnatal and Early Childhood Heat Vulnerabilities

5.1. Immature Thermoregulatory Physiology in Infants and
Young Children

Infants and young children demonstrate heightened vulnerability to ambient

thermal stress due to a combination of distinct physiological limitations and be-
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havioral dependencies [14] [15] [47]. Morphologically, a high surface area-to-
mass ratio accelerates environmental heat gain whenever ambient temperatures
exceed skin temperature, while the metabolic inefficiency and functional imma-
turity of sweat glands significantly restrict total evaporative cooling capacity com-
pared to adults [2] [15] [47] [48]. Furthermore, central thermoregulatory mecha-
nisms remain underdeveloped, as the ongoing post-natal maturation of auto-
nomic integration within the hypothalamus results in less efficient peripheral vas-
cular responsiveness and delayed activation of physiological feedback loops [14]
[47] [48]. Compounding these internal vulnerabilities is a total behavioral de-
pendence; as this inability to independently alter microclimatic conditions, adjust
clothing layers, or seek hydration substantially heightens their overall susceptibil-

ity to thermal injury.

5.2. Neuroinflammation, Sleep Disruption and Myelination

In early childhood, prolonged environmental heat exposure induces systemic hy-
perthermia, triggering peripheral and central neuroinflammatory cascades [12]
[49]. Elevated body temperature increases BBB permeability, permitting circulat-
ing pro-inflammatory cytokines to enter the brain, where they activate astrocytes
and microglia [49] [50].

Persistent thermal strain also disrupts sleep patterns [16] [51]. Thermal comfort
is closely linked to normal circadian body temperature fluctuations [52]-[54].
High ambient temperatures suppress deep slow-wave sleep and rapid eye move-
ment sleep; stages critical for memory consolidation, synaptic plasticity, and neu-

rometabolic clearance via the glymphatic system [53]-[55] (Figure 3).

High Ambient Temperatures

g

Thermoregulatory Stress and Arousal

4

Loss of Slow-Wave and REM Sleep

g

Impaired Glymphatic Reduced Synaptic Pruning
Metabolic Clearance and Myelination

4

Reduced Long-Term Working Memory and Executive Function

Figure 3. Flow chart indicating how high ambient temperatures induce reduced long-term
working memory and executive functions [3] [16] [52]-[56].

Interrupted sleep during early development alters the balance of synaptic prun-
ing, the elimination of redundant neural connections, and delays oligodendrocyte

maturation [56] [57]. As a result, white matter tract myelination slows down, re-
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ducing functional connectivity across distributed neural networks [56]-[58].

6. Long-Term Neurocognitive, Behavioral, and Academic
Sequelae

The combined effects of prenatal structural, endocrine alterations and postnatal
thermal strain manifest as long-term neurocognitive deficits during childhood
and adolescence [58]-[60].

6.1. Cognitive Domains Affected

Exposure to extreme heat during development negatively impacts multiple cogni-
tive and neurodevelopmental domains through distinct neural mechanisms [60]
[61]. Structural alterations in thalamocortical projections and compromised fron-
toparietal networks impair attentional allocation and sustained vigilance, leading
to higher rates of attentional lapses, slower reaction times, and increased suscep-
tibility to environmental distractors [60] [62]. Furthermore, slower white matter
maturation disrupts prefrontal cortex circuitry, diminishing processing speed and
central executive capacity, which impedes working memory, complex problem-
solving, abstract reasoning and cognitive flexibility [3] [15] [58]. At the system
level, early-life heat exposure disrupts synaptogenesis within auditory and motor
cortical regions, a mechanism linked epidemiologically to delayed language ac-
quisition, speech processing deficits, and impaired fine psychomotor control [59]
[60].

6.2. Epidemiological and Societal Implications

At the population level, early-life heat stress correlates with lower standardized
test performance, decreased baseline IQ scores, and elevated rates of behavioral
diagnoses, such as Attention-Deficit-Hyperactivity Disorder and autism spectrum
disorder traits [63]-[65]. These developmental impacts disproportionately affect
socioeconomically disadvantaged populations who lack access to climate-con-
trolled housing, adequate shade and medical care, creating feedback loops of
health disparity [4] [66]. However, these epidemiological linkages must be inter-
preted with caution. Maternal infection, concurrent ambient air pollution (e.g.,
fine particulate matter PM,5), maternal nutritional status, structural socioeco-
nomic disadvantage, low housing quality, lack of residential air conditioning, and
maternal occupational exertion represent major confounding variables. Disentan-
gling thermal stress from co-occurring environmental and socioeconomic stress-

ors remains a major methodological challenge in developmental epidemiology.

7. Strategic Interventions and Public Health Policy

Mitigating the impacts of heat stress on early childhood neurodevelopment re-
quires a multi-layered approach combining clinical care, urban planning, and en-

vironmental policy [33] [67].
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At the clinical level, translating public health adaptation frameworks into ac-
tionable practice requires institutionalizing clinical policy modalities across re-
productive, pediatric, and emergency care. Establishing standardized antenatal
and pediatric heat safety guidelines allows clinicians to proactively screen for en-
vironmental thermal risks [33] [68]. Specialized diagnostic screening protocols,
such as targeted fetal neuroimaging or neurodevelopmental monitoring, should
be implemented following documented maternal hyperthermia or severe heat-
wave exposure during vulnerable organogenesis windows [4]. Emergency depart-
ment thermal triage systems and strict health facility indoor temperature audits
can safeguard high-risk environments, including labor wards, neonatal intensive
care units, and outpatient clinics, against systemic hyperthermic complications
[61].

Concurrently, point-of-care social interventions bridge clinical management
with broad environmental and structural vulnerabilities. Screening for social de-
terminants of health during intake enables healthcare teams to identify patients
with compromised home cooling, energy poverty, or high exposure within urban
heat islands [47]. Clinicians can mitigate these risks by providing tailored patient
education on heat stress management and writing formal clinical referrals for
community social safety nets, including emergency cooling subsidies and local
cooling shelters [48] (Table 2). When integrated with community health worker
outreach programs for remote monitoring and home visits during heatwaves,
these clinical-social interventions protect fetal and early childhood neurocogni-
tive developmental course from the cascading impacts of ambient thermal strain
[33] [68].

Table 2. Table showing strategic interventions and public health policy to thermal stress
(1] [33] [63]-[65] [67] [68].

Public Health Mitigation Strategy

Clinical Level Built Environment Policy and Social Adaptation
Policy and Social Urban Canopy Expansion Climate Adaptation Policy
Hydration Protocols Cool-Roof Infrastructure Early Childhood Care

Cooling Infrastructure ~ Climate-Controlled Care Equity Protection (Subsidy)

7.1. Clinical and Perinatal Interventions

To mitigate thermal stress during critical developmental windows, clinical proto-
cols must incorporate both preventive advice and specialized diagnostic monitor-
ing [33] [67]. Standardized antenatal guidelines should advise pregnant women to
avoid high heat indices, maintain proper hydration, and limit physical exertion
during extreme heat events [33] [67]. Complementing these preventive measures,
targeted diagnostic monitoring, including expanded ultrasound and neuroimag-

ing screening, should be implemented for individuals exposed to high tempera-

DOI: 10.4236/wjns.2026.164017

238 World Journal of Neuroscience


https://doi.org/10.4236/wjns.2026.164017

T.T. Dugul

tures during early organogenesis to evaluate and safeguard fetal brain growth [4]
[66].

7.2. Physical Mitigation Strategies

To reduce the impacts of thermal strain on vulnerable populations, structural and
environmental interventions must integrate urban planning with climate-con-
trolled infrastructure [4] [62] [69]. Expanding urban tree canopies, green spaces,
and cool-roof technologies near residential areas, early childhood education cen-
ters, and pediatric facilities effectively reduces the microclimatic urban heat phe-
nomenon [62] [69]. Furthermore, ensuring universal access to air conditioning
and mechanical ventilation across schools, daycare centers, and maternal health
clinics will safeguard sleep quality, lower physiological heat stress, and protects

critical neurocognitive developmental micro-environments [61] [63].

8. Conclusion

Heat stress during fetal development and early childhood represents a significant
yet under-recognized physical threat to human neurocognitive maturation. Ma-
ternal hyperthermia disrupts fetal brain development through a combination of
uterine hypoperfusion, systemic inflammation, structural cell migration errors,
and altered HPA axis programming. In early postnatal life, infants and young chil-
dren remain vulnerable to heat stress due to immature thermoregulation, leading
to neuroinflammation, sleep disruption, and delayed white matter maturation.
These physiological and structural disruptions can manifest as persistent neu-
rocognitive deficits, including reduced executive function, impaired working
memory, lower academic performance, and altered behavioral phenotypes. As
global temperatures rise, protecting developing brains requires integrated action:
combining clinical monitoring, urban planning, and public policy to safeguard

pregnant women and young children from extreme thermal environments.

9, Recommendation

The author emphasizes the need for future research that investigates the epidemi-
ological and societal dynamics of heat stress within tropical and arid zones, with
a focus on how thermal stress-induced neurocognitive risks modulate and corre-
late with metrics of societal resilience, such as economic development, educational
achievement, innovation, environmental performance, infrastructure, disaster

risk reduction and peaceful co-existence.
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