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BACKGROUND: In contrast to the extensive research on the effects of high-altitude exposure on adult neurological function, fetal
and pediatric neurodevelopment in high-altitude environments has received relatively little attention. This study aimed to
determine whether exposure to high-altitude exposure during gestation and infancy could influence neurodevelopmental
outcomes compared with low-altitude infants.
METHODS: A total of 50 high-altitude-born and 100 low-altitude-born infants were studied. Parents were followed longitudinally
and instructed to complete the Ages and Stages Questionnaire, 3rd edition (ASQ-3), when their infants reached 6, 12, and 18
months of age. The primary outcome measures included neurodevelopmental scores and the proportion of infants classified as
failing in the five ASQ-3 domains.
RESULTS: High-altitude infants had lower gross motor scores and higher failure rates. Subgroup analysis revealed no significant
differences attributable to confounding factors. Regression analysis identified high-altitude exposure as the only significant
predictor of gross motor delay.
CONCLUSIONS: Prenatal and postnatal exposure to high-altitude exposure was found to be associated with an increased risk of
gross motor neurodevelopmental delay in infants.

Pediatric Research; https://doi.org/10.1038/s41390-026-04821-y

IMPACT:

● This is the first prospective cohort study to compare the neurodevelopmental outcomes of high-altitude born/raised infants
with those of low-altitude controls.

● Infants born and raised at high-altitude exhibited lower neurodevelopmental scores and a higher likelihood of failing in the
gross motor domain of ASQ-3.

● High-altitude exposure had no negative influence on infants’ physical growth and other neurodevelopmental domains assessed
by the ASQ-3.

INTRODUCTION
A high-altitude environment, defined as elevations of 2500 meters
or more above sea level, presents extreme environmental
stressors, including hypoxia, hypobaria, low temperatures, low
humidity, and intense solar radiation, all of which impose
significant physiological and neuropsychological challenges.1,2

Tibet, located in Southwest China, represents the highest plateau
region globally. According to the 2020 national population census
of China, more than 407,100 individuals had migrated to Tibet
from lower-altitude areas for occupational or economic reasons,
and this number continues to grow. In contrast to indigenous
Tibetans, who have undergone extensive evolutionary adaptations
to the plateau environment, newly arrived immigrants, primarily of
Han ethnicity, exhibited a reduced capacity against hypoxic stress

and are consequently more susceptible to its deleterious
effects.3–5 The potential neurophysiological and cognitive ramifi-
cations of prolonged high-altitude exposure among these
immigrants have remarkably garnered researchers’ attention,
particularly among those considering relocation.
Optimal neurocognitive function is inherently dependent on

the continuous and efficient delivery of oxygen to the brain.6

Among various environmental stressors associated with high-
altitude exposure, hypoxia, induced by the reduction in oxygen
partial pressure resulting from diminished atmospheric pressure,
constitutes the principal physiological challenge to human
neurocognitive integrity. A growing body of empirical research
highlighted the detrimental impact of both acute and chronic
high-altitude exposure on neurocognitive function across the
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lifespan, and some deficits could persist even after returning
individuals to lower altitudes.7,8 Recent systematic investigations
of high-altitude residents have consistently demonstrated impair-
ments in motor speed, cognitive processing speed, cerebral blood
flow velocity,9,10 and visual/verbal memory accuracy, alongside
prolonged reaction time.11,12 Moreover, structural neuroimaging
studies of high-altitude immigrants provided direct evidence of
alterations in cerebral morphology.11–14 For instance, in soldiers
stationed at high altitudes for two years, regional homogeneity
(ReHo) increased in the sensorimotor cortex,13 while voxel-
mirrored homotopic connectivity was elevated in the bilateral
visual cortex.14 Furthermore, high-altitude immigrants exhibited a
reduction in functional connectivity between the visual and motor
cortices,15 as well as an increase in total brain volume, gray matter
volume, and white matter volume.16 Additionally, Chen et al.11

identified gray matter loss and decreased ReHo in the putamen
following chronic high-altitude exposure. Compared with pre-
exposure conditions, the putamen exhibited attenuated functional
connectivity with the superior temporal gyrus, anterior/middle
cingulate gyrus, and other cognition-related brain regions, further
substantiating the neuroimaging evidence linking psychomotor
dysfunction.11

Early life represents a critical period for neurodevelopment,
characterized by rapid synaptogenesis and establishment of
foundational neural networks.17 While substantial research has
advanced the understanding of high-altitude-induced neurologi-
cal alterations in adults, investigations into its effects on pediatric
neurodevelopment remain relatively scarce, and findings that are
mainly incongruous.9,18,19 A seminal study by Saco-Pollitt20 on
Peruvian neonates born at high altitude demonstrated diminished
visual and auditory orientation, reduced activity and motor
maturity, and impaired self-quieting abilities relative to low-
altitude infants. Wehby18 presented compelling initial evidence
linking altitude to an increased likelihood of neurodevelopmental
risk over the first two years of life, based on a cohort of 2116
infants who aged 3–24 months across South American popula-
tions. Similarly, neurodevelopmental assessment of children and
adolescents in Bolivia revealed a subtle but measurable decline in
psychomotor speed with increasing altitude.9 Furthermore, Virués-
Ortega et al.19 reported that despite physiological acclimatization,
individuals born at high altitude exhibited mild cognitive and
behavioral deficits. Consequently, these findings highlight the
significant challenge that high altitude exposure pose to early
neurodevelopmental outcomes. However, these neurodevelop-
mental effects may vary across populations inhabiting similar
altitudes on different continents, as well as in genetically distinct
subpopulations.9,20,21 Given the substantial demographic pre-
sence of Han immigrants in high-altitude regions and the crucial
role of pregnancy and infancy in establishing the foundation for
lifelong neurocognitive function, the impact of chronic high-
altitude exposure on the neurodevelopment of immigrant off-
spring warrants escalated attention.
This prospective cohort study aimed to compare neurodevelop-

mental outcomes between high-altitude and low-altitude Han
infants at 6, 12, and 18 months of age while also examining the
association between high-altitude exposure and early-life neuro-
development. On the basis of prior research, it was hypothesized
that infants born and raised at high altitude would exhibit a higher
risk of neurodevelopmental delay versus low-altitude infants.

METHODS
Study design
This longitudinal prospective cohort study recruited infants from two
distinct geographical locations. The high-altitude group comprised infants
born at Fokind Hospital for Women & Children in Lhasa (altitude: 3650m)
between June and September 2020, whereas the low-altitude group
included those born at Northwest Hospital for Women & Children in Xi’an

(altitude: 600m) between August and September 2020. Newborns’ parents
were invited to participate prior to hospital discharge.
Enrollment was dependent on meeting the following inclusion criteria:

(1) both parents of Han ethnicity, (2) absence of severe perinatal
complications, (3) no chronic or hereditary diseases, (4) no history of
medication use that could impact neurological function, (5) normal
maternal nutrition status (BMI ≥ 18 and ≤ 25 kg/m2) and (6) willingness to
participate in the study and providing informed consent. Additional
exclusion criteria were applied based on residence and exposure history.
For the low-altitude group, exclusion criteria included (1) a permanent
residence at an altitude exceeding 1000m and (2) prior exposure to high-
altitude environments (≥2500m). For the high-altitude group, exclusion
criteria included (1) maternal birth and upbringing at high altitude; (2)
maternal absence from high-altitude regions for more than eight weeks
during pregnancy, and (3) parental unwillingness to raise the child at high
altitude. At baseline, parents completed a structured questionnaire to
document parental demographic and health-related characteristics.
Follow-up assessments, including neurodevelopmental evaluations, were
conducted at 6, 12, and 18 months postpartum. During each follow-up
visit, parents completed an infant characteristics questionnaire, and infants
underwent comprehensive clinical examinations, including anthropometric
measurements of body length and weight.
Neurodevelopmental assessment was conducted using the Ages &

Stages Questionnaires, Third Edition (ASQ-3). Parents, guided by an ASQ-
certified clinician, completed the assessment through structured home
observations of their infants. To enhance participant retention, study
reminders were sent via mobile text messages monthly, with an additional
telephone reminder issued one week before each scheduled follow-up
visit (at 6, 12, and 18 months). In cases of missed appointments, daily
contact attempts were made over two consecutive weeks before
classifying participants as lost to follow-up.
The study protocol was approved by the Ethics Committee of the

Medical Faculty of Fourth Military Medical University (Approval No.
KY20173352-1). All study procedures were conducted in strict adherence
to the ethical guidelines for medical research involving human subjects, as
outlined in the Declaration of Helsinki.

Sample size estimation
The high-altitude exposure group was matched to the low-altitude group
based on sex, birth weight, gestational age, and maternal age.22,23 In the
present study, given the constrained number of exposed subjects, a 1:n
ratio matching strategy was implemented between the exposed and
control groups to maintain sufficient statistical power in the analyses. The
sample size calculation indicated a 20% difference (10% vs. 30%) in the
proportion of infants falling below or near the predefined threshold for
neurodevelopmental diagnoses. Assuming a sample size of 50 in the
exposed group, a minimum of 90 controls (90.38 calculated by statistical
power analysis) were required to ensure a 90% statistical power with a 5%
significance threshold. The target enrollment was finally set at 50 exposed
and 100 control subjects after incorporating a 10% buffer for potential loss
to follow-up.

Pediatric neurodevelopmental outcomes
Pediatric neurodevelopmental outcomes were measured by the Chinese
version of ASQ-3,24 a widely employed parent-reported instrument for
developmental screening in both clinical and research contexts. This
assessment tool comprises 30 age-calibrated items designed to be
involved in five fundamental developmental domains: communication,
involving verbal articulation, inquiry formulation, social interaction, and the
exchange of personal information; gross motor proficiency, comprising
coordination, balance, muscular strength, kinesthetic awareness, and
reaction time; fine motor dexterity, including the manipulation of precision
tools, such as scissors, keyboards, and rulers, alongside tasks requiring
refined hand control (e.g., holding a pen, drawing, and producing legible
handwriting); problem-solving aptitude, incorporating facets of creativity,
decision-making, reliability, and collaborative functioning; and personal-
social competencies, wherein personal attributes include adaptability,
dependability, and intrinsic motivation, while social attributes involve
cooperative behaviors, eye contact maintenance, active listening, spatial
awareness, and demonstration of appropriate social etiquette. Each item
was rated on a three-tier Likert scale: 10 (affirmative), 5 (intermittent), and
0 (not yet achieved). Domain-specific scores were computed through
summation, and elevated scores were indicative of more favorable
neurodevelopmental trajectories. Categorization of developmental status
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was implemented based on the ASQ-3 threshold values, whereby infants
were classified as exhibiting normative development if their scores across
all five domains exceeded one standard deviation (SD) below the mean, as
presenting a suspected developmental delay if scores ranged between one
and two SDs below the mean, and as demonstrating a definitive
developmental delay if scores fell at or beyond two SDs below the mean.25

Clinical and demographic characteristics
The general information questionnaire was a self-designed questionnaire,
including pediatric and parental characteristics. Parental characteristics
comprised parental high-altitude exposure history, medical history,
perinatal information (including parity and mode of delivery), and daily
behavioral information (including maternal alcohol and tobacco use), as
well as socioeconomic status (SES, including parental education and
household income). Pediatric characteristics included infants’ high-altitude
exposure, breast feeding, nurturer, and any medical events occurred
during the study period.

Statistical analysis
The statistical analysis was performed using SPSS 26.0 (IBM, Armonk, NY),
GraphPad Prism 9.5.0 (GraphPad Software Inc., San Diego, CA), and R
4.2.2 software. Multiple imputation by chained equations (MICE, m= 50)
was conducted under the missing at random (MAR) assumption,
incorporating maternal age, BMI, smoking/drinking, parental educational
level, household income, parity, and mode of delivery as predictors. The
multiple imputation of ASQ-3 scores was performed by predictive mean
matching (PMM) using the ‘mic’ package in R. Both height and weight
measurements were standardized using z-score transformation prior to
analysis. Categorical variables were compared using Pearson’s χ² test, and
the Fisher’s exact test was utilized when expected cell counts were below
five. For continuous variables, the Student’s t-test, Mann-Whitney U test,
and one-way analysis of variance (ANOVA) were employed as appropriate.
Repeated-measures ANOVA was utilized to analyze longitudinal body
length/height and weight data of infants. Logistic regression analysis was
conducted at 6, 12, and 18 months of follow-up to identify risk factors
associated with ASQ failure. A stepwise elimination approach was applied,
sequentially removing variables with the highest p-value until only those
with p < 0.10 remained in the final model.

RESULTS
Infants’ and parents’ clinical and demographic characteristics
A schematic representation of the number of infants recruited and
followed throughout the study is presented in Fig. 1. Between
June and September, 150 infants (n high-altitude= 50; n low-

altitude= 100) were recruited into this longitudinal prospective
cohort study. Robust measures were implemented to maximize
follow-up response rates. During the 18-month follow-up, 3

infants were lost to follow-up in the high-altitude group, while
15 were lost to follow-up in the low-altitude group.
Parental characteristics at the baseline investigation are

presented in Table 1. The results revealed that there were
significant differences in paternal/maternal educational level and
parity between the two groups, which aligned with the expected
socioeconomic differences between the two cities and the study’s
eligibility criteria. Mothers’ oxygen saturation level at high altitude
was 89.33 ± 0.78% (measured 72 h postpartum), indicating the
presence of systemic hypoxia among mothers residing at high-
altitude environments. Multiple imputation with auxiliary variables
was employed to reduce the risk of bias.
Details of high-altitude exposure among mothers and infants in

the Lhasa group are presented in Supplementary Table S1. Among
50 mothers in this group, 31 (62.0%) had resided in a high-altitude
region for more than two years, and 47 (94.0%) had spent less
than four weeks away from high altitude during pregnancy.
Follow-up investigations revealed that infants occasionally left the
high-altitude area during parental vacations, while returned
afterward. All infants had been continuously exposed to high-
altitude for more than 16 weeks per 6-month period, with the
exception of one infant who spent 11 weeks away from the high
plateau between 6 and 12 months of age. These findings suggest
that all infants in the high-altitude group experienced prolonged
high-altitude exposure during both the prenatal period and early
postnatal development.
Attrition was effectively mitigated throughout the study period.

To validate the robustness of the statistical inferences, sensitivity
analysis was conducted to determine the minimum detectable
effect size (MDES) given the final sample sizes at each follow-up
timepoint and a power of 0.80 (alpha = 0.05). The analysis
revealed that the study was sufficiently sensitive to detect even
small-to-moderate effects. Specifically, the study was powered to
detect an effect size of Cohen’s d= 0.32 at the 6-month follow-up,
which decreased to d= 0.28 at the 12-month follow-up and
further to d= 0.21 at the 18-month follow-up. This is particularly
notable for the 18-month assessment (effect sizes of d ≥ 0.25 are
generally considered meaningful), where the detectable effect size
is close to the threshold of meaningful effect, and the study still
maintains adequate power to identify the key effects of interest.

Comparison of neurodevelopmental outcomes between high-
altitude and low-altitude infants
At each timepoint (month at birth/6/12/18), there were no significant
differences in body length/height and weight between the two

Total
n = 150

n = 49 (26 M/23 F)
Dec, 2020–Mar, 2021

n = 47 (24 M/23 F)
Jun, 2021–Sep, 2021

Hypoxia (Lhasa)
Fukang Hospital for
Women & Children

Control (Xi’an)
Northwest Hospital for

Women & Children

Month 3–5:
Study invitation/ICFs signing
Demographic/perinatal investigation

Month 6:
ASQ-3 (6 m)

Month 12:
ASQ-3 (12 m)

Month 18:
ASQ-3 (18 m)

n = 50 (26 M/24 F)
Jun, 2020–Sep, 2020

n = 100 (52 M/48 F)
Aug, 2020–Sep, 2020

n = 94 (49 M/45 F)
Feb, 2021–Mar, 2021

n = 85 (45 M/40 F)
Aug, 2021–Sep, 2021

n = 1
LTFU

n = 2
LTFU

n = 9
LTFU

n = 6
LTFU

High-altitude infant 
neurodevelopment cohort

Fig. 1 Schematic diagram showing number of infants recruited and followed up. LTFU loss to follow-up, M male, F female.
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groups (p length/height at birth= 0.525, p length/height at month 6= 0.730,
p length/height month 12= 0.813, p length/height month 18= 0.501, p weight at

birth= 0.078, p weight at month 6= 0.393, p weight month 12= 0.426, p weight

month 18= 0.618), indicating that high-altitude exposure had no
negative influence on infants’ physical growth.
ASQ-3 neurodevelopmental scores in the low-altitude exposure

and high-altitude exposure groups at 6, 12, and 18 months are
presented in Fig. 2 and Table 2. At each timepoint (months 6/12/

18), the gross motor scores in the high-altitude exposure group
were significantly lower than those in the low-altitude group
(p month 6 < 0.001, p month 12 < 0.001 and p month 18= 0.001).
However, there were no significant differences in communication,
fine motor, problem solving, and personal-social scores between
the two groups, indicating that exposed to high-altitude in early
life stage could mainly influence the motor-related neurological
function.

Table 1. Parental and pediatric characteristics at baseline investigation

Parental characteristics Low-altitude group (Xi’an, n= 100) High-altitude group (Lhasa, n= 50) p-value

Maternal age (years), mean ± SD 30.50 ± 3.63 29.36 ± 4.31 0.148 a

Maternal height (cm), mean ± SD 164.51 ± 3.77 163.92 ± 3.70 0.954 a

Maternal weight (kg), mean ± SD 56.03 ± 4.60 55.70 ± 4.19 0.404 a

Maternal BMI, mean ± SD 20.69 ± 1.35 20.72 ± 1.24 0.544 a

Maternal educational level, n (%)

Junior middle school or below 10 (10.0) 15 (30.0) 0.005**b

Senior middle school or equal 24 (24.0) 13 (26.0)

College or above 66 (66.0) 22 (44.0)

Paternal educational level, n (%)

Junior middle school or below 10 (10.0) 14 (28.0) 0.016* b

Senior middle school or equal 14 (14.0) 7 (14.0)

College or above 76 (76.0) 29 (58.0)

Household income (￥), n (%)

≤ 9999 41 (41.0) 13 (26.0) 0.169 b

10,000 ~ 19,999 32 (32.0) 18 (36.0)

≥ 20,000 27 (27.0) 19 (38.0)

Maternal smoking, n (%)

Yes 7 (7.0) 4 (8.0) 0.825 c

No 93 (93.0) 46 (92.0)

Maternal alcohol drinking, n (%)

Yes 17 (17.0) 12 (24.0) 0.306 b

No 83 (83.0) 38 (76.0)

Parity, n (%)

Nulliparous 84 (84.0) 24 (48.0) <0.001*** b

Multiparous 16 (16.0) 26 (52.0)

Mode of delivery, n (%)

Vaginal 52 (52.0) 26 (52.0) 1.000 b

Caesarean 48 (48.0) 24 (48.0)

Breast feeding

Yes 74 (74.0) 38 (76.0) 0.791 b

No 26 (26.0) 12 (24.0)

Main nurturer

Parents 77 (77.0) 43 (86.0) 0.194 b

Grandparents or others 23 (23.0) 7 (14.0)

Gestational age (w), mean ± SD 38.46 ± 1.59 38.21 ± 1.79 0.714 a

Mothers’ oxygen saturation level (%), mean ± SD 97.60 ± 0.55% 89.33 ± 0.78% <0.001*** a

Infants’ characteristics

Sex (boys, n) 47 23 -

Birth weights (kg), mean ± SD 3.55 ± 0.09 3.44 ± 0.082 0.078 a

Head circumferences of infants (cm), mean ± SD 35.04 ± 0.62 34.34 ± 0.38 0.063 a

SD standard deviation.
* p < 0.05; ** p < 0.01; *** p < 0.001.
aStudent’s t-test.
bPearson Χ2-test.
cFisher’s exact test.
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The ASQ-3 neurodevelopmental diagnoses for the low-altitude
and high-altitude exposure groups at 6, 12, and 18 months are
summarized in Table 3. Consistent with the neurodevelopmental
scores, the proportion of gross motor failures (categorized as
“Blow/Close to cut-off”) was significantly higher in the high-
altitude group compared to the l group (p month 6 < 0.05, p month

12 < 0.01 and p month 18 < 0.001). This indicates a higher risk of
motor developmental delay in infants exposed to high-altitude
during early life. The consistent differences in gross motor scores
and categories across all timepoints highlight a clear trend.

Characteristics associated with infants’ neurodevelopmental
outcomes
Given the significant differences in paternal and maternal
educational levels and parity between the two groups, subgroup
analysis was conducted exclusively in the high-altitude exposure
group to evaluate the potential impact of these factors on ASQ
scores and neurodevelopmental classification (Supplementary
Tables S2 and S3). Parental educational levels were categorized
as junior middle school or below, senior middle school or
equivalent, and college or above, while parity was classified as

nulliparous or multiparous. The analyses revealed that neither
parental educational level nor parity influenced the association
between high-altitude exposure and ASQ failure, as no significant
differences were identified in gross motor scores or failure rates
across these stratifications.
Logistic regression analysis was performed at 6, 12, and 18

months to identify risk factors for ASQ gross motor failure,
incorporating variables such as high-altitude exposure, parental
educational level, smoking, alcohol consumption, maternal age,
gestational age, parity, mode of delivery, and breastfeeding
(Supplementary Table S4). When all variables were retained in the
model, high-altitude exposure was associated with a significantly
elevated risk of ASQ gross motor failure, with odds ratios (ORs) of
3.691 (95% CI: 1.180–12.030) at 12 months and 4.675 (95% CI:
1.504–14.528) at 18 months. None of the other variables, including
parental education and parity, demonstrated statistically signifi-
cant ORs. In the backward stepwise regression model, high-
altitude exposure remained the only retained variable, yielding
ORs of 2.852 (95% CI: 1.095–7.429, p < 0.05) at 6 months, 2.844
(95% CI: 1.076–7.517, p < 0.05) at 12 months, and 5.658 (95% CI:
2.173–14.732, p < 0.001) at 18 months. Collectively, these findings
suggest that infants exposed to high-altitude exposure in utero
and early life are at an increased risk of failing the gross motor
ASQ category.

DISCUSSION
China has the world’s largest high-altitude immigrant population,
making the health effects of chronic high-altitude exposure a
critical concern in public health and environmental medicine. This
study aimed to compare the neurodevelopmental status of infants
born and raised at high altitudes with those at low-altitude in the
Han population. The findings revealed that while prenatal and
early-life exposure to high-altitude elevated the risk of gross
motor neurodevelopmental delay, no significant differences were
identified in other domains of the ASQ-3. Moreover, the
proportion of infants classified as “Below/Close to Cut-off” in
gross motor function was significantly higher in the high-altitude
exposure group compared with that in the control group,
highlighting an escalated risk of motor developmental retardation
associated with early-life high-altitude exposure. Notably, this is
the first study to assess neurodevelopmental outcomes in high-
altitude born and raised Han infants compared with low-altitude
infants, providing valuable insights for decision-making regarding
potential high-altitude migration.
As expected, the present study found that infants born and

raised at high-altitude had lower neurodevelopmental scores and
were more likely to fail (below/close to cut-off) in the gross motor
domain of ASQ-3, indicating that high-altitude exposure in
pregnancy and infancy might lead to delay in the neurodevelop-
ment of motor-related function. This finding confirms prior
research, demonstrating the detrimental impact of high-altitude
exposure on motor function in infants.26 The early postnatal
period is characterized by rapid neurodevelopmental progression,
wherein the acquisition of motor skills plays a remarkable role in
the integrity of underlying neurological processes. Motor devel-
opment in infancy constitutes a highly integrative phenomenon,
necessitating the precise regulation of multiple neural circuits in
conjunction with maturational refinements of musculoskeletal
function.27 As previously documented, the putamen is fundamen-
tally implicated in motor regulation and procedural learning,
predominantly mediated through dopaminergic neurotransmis-
sion.28,29 Prolonged high-altitude exposure has been linked to
neuronal attrition and dysregulated intrinsic neural activity in the
putamen, resulting in attenuated functional connectivity with
higher-order cognition-associated regions, including the superior
temporal gyrus, anterior cingulate cortex, and hippocampus.11,12

Analogous to its pathophysiological effects on adults, chronic

Com
m

un
ica

tio
n

Gro
ss

 m
ot

or

Fine
 m

ot
or

Pro
ble

m
 so

lvi
ng

Per
so

na
l-s

oc
ial

Com
m

un
ica

tio
n

Gro
ss

 m
ot

or

Fine
 m

ot
or

Pro
ble

m
 so

lvi
ng

Per
so

na
l-s

oc
ial

Com
m

un
ica

tio
n

Gro
ss

 m
ot

or

Fine
 m

ot
or

Pro
ble

m
 so

lvi
ng

Per
so

na
l-s

oc
ial

0

20

40

60
***

***

***

A
S

Q
 s

co
re

 (
m

o
n

th
 6

)

Xi'an
Lhasa

0

20

40

60

A
S

Q
 s

co
re

 (
m

o
n

th
 1

2)

Xi'an
Lhasa

a

b

c

0

20

40

60

A
S

Q
 s

co
re

 (
m

o
n

th
 1

8)

Xi'an
Lhasa

Fig. 2 ASQ-3 neurodevelopmental scores in the low-altitude and
high-altitude groups at months 6/12/18. a Neurodevelopmental
scores at month 6 by study group. b Neurodevelopmental scores at
month 12 by study group. c Neurodevelopmental scores at month
18 by study group. *** p < 0.001.

Y. Zhou et al.

5

Pediatric Research



high-altitude exposure during early life stages may precipitate
neurodevelopmental perturbations by inducing structural and
functional maladaptations in the putamen, necessitating further
elucidation through advanced neuroimaging methodologies.
Despite the noticeable impairment in gross motor proficiency
among high-altitude infants, no significant differences in somatic
growth parameters were identified between the high-altitude and
low-altitude groups. This difference highlights the selective
vulnerability of neural substrates governing motor control to
hypoxic insult, confirming the hypothesis that altitude-induced
neurodevelopmental deficits primarily arise from central rather
than peripheral mechanisms.
In contrast to findings from previous studies,30,31 no statistically

significant associations were identified between parental char-
acteristics (educational level, smoking status, alcohol consump-
tion, maternal age, gestational age, and parity) and gross motor
outcomes in infants, aside from the influence of high-altitude
exposure. This finding highlights the predominant role of oxygen
availability in shaping early neurodevelopmental trajectories,
particularly in motor-related neurological domains. Cerebral
hypoxia constitutes a fundamental pathophysiological mechanism
underlying both neurodevelopmental perturbations in infants and
neurodegenerative sequelae in adults. Postnatally, sustained
exposure to high-altitude may further exacerbate neurodevelop-
mental vulnerabilities by impairing neonatal pulmonary gas
exchange, thereby reducing arterial oxygen saturation and
perpetuating cerebral oxygen insufficiency. Hypoxia-induced
neuropathological alterations in functionally integral brain regions
may subsequently manifest as persistent deficits in motor function
and cognition throughout early childhood.
The mechanisms through which hypoxia disrupts fetal and

infant neurodevelopment are complicated, involving aberrations

in neural stem cell homeostasis and synaptic plasticity modula-
tion. Neural stem cells play a remarkable role in modulating both
embryonic neurogenesis and postnatal neural remodeling, med-
iating key processes, such as proliferation, lineage specification,
neuronal migration, axonal outgrowth, and synaptic integra-
tion.32,33 While physiological hypoxia in a certain threshold can
transiently enhance neural stem cell proliferation and differentia-
tion, severe and prolonged high-altitude exposure has been
demonstrated to induce cell cycle arrest, quiescence, and
apoptotic degeneration in neural progenitor populations.34,35

Given the critical role of neural stem cells in early brain
maturation, persistent hypoxia may dysregulate neurodevelop-
ment by disrupting progenitor cell dynamics and neurogenic
capacity during prenatal and early postnatal life. Another essential
mechanism implicated in hypoxia-mediated neurodevelopmental
impairment involves the disruption of synaptic plasticity, a
fundamental morphofunctional process governing neuronal
circuit refinement and network maturation. Synaptic plasticity
perturbations have been implicated in both neurodevelopmental
disorders and neurodegenerative conditions, and disruptions in
synaptic connectivity and neurotransmission could serve as
hallmarks of various neuropathological states.36,37 Previous studies
have revealed that chronic neonatal intermittent hypoxia could
induce pathological dysregulation of hippocampal synaptic
plasticity, resulting in aberrant long-term potentiation and
maladaptive synaptic remodeling.38 Similarly, neonatal exposure
to hypercapnic conditions, characterized by the elevated carbon
dioxide level, has exhibited to impair hippocampal synaptic
plasticity, subsequently leading to cognitive dysfunction later in
life.39 Despite accumulating evidence elucidating the neurobiolo-
gical substrates of hypoxia-induced neurodevelopmental impair-
ment, further research is warranted to comprehensively explore

Table 2. ASQ-3 neurodevelopmental scores at 6, 12, and 18 months in the low-altitude and high-altitude groups

Low-altitude group (Xi’an) mean ± SD High-altitude group (Lhasa) mean ± SD p-value

Month 6 n= 100 n= 50

Communication 47.10 ± 8.14 48.60 ± 11.07 0.398 b

Gross motor 47.50 ± 10.21 39.40 ± 13.08 < 0.001*** b

Fine motor 46.80 ± 13.62 48.50 ± 12.46 0.460 a

Problem solving 47.10 ± 12.62 49.10 ± 11.01 0.342 a

Personal-social 50.05 ± 11.51 50.40 ± 10.39 0.856 a

Total score 238.55 ± 27.53 236.00 ± 37.98 0.674 b

Month 12 n= 94 n= 49

Communication 44.26 ± 13.52 48.06 ± 11.45 0.095 a

Gross motor 52.71 ± 10.94 43.37 ± 15.15 < 0.001*** b

Fine motor 48.72 ± 13.81 49.59 ± 11.58 0.707 a

Problem solving 49.63 ± 11.03 51.22 ± 9.33 0.389 a

Personal-social 42.34 ± 13.03 39.80 ± 11.32 0.249 a

Total score 237.66 ± 27.80 232.04 ± 37.37 0.311 a

Month 18 n= 85 n= 47

Communication 37.65 ± 13.33 39.36 ± 10.82 0.452 a

Gross motor 56.24 ± 8.66 48.09 ± 15.20 0.001** b

Fine motor 46.59 ± 12.78 47.77 ± 11.79 0.603 a

Problem solving 44.88 ± 11.60 46.60 ± 9.04 0.349 b

Personal-social 47.53 ± 9.81 47.87 ± 10.31 0.853 a

Total score 232.88 ± 25.34 229.68 ± 35.53 0.549 a

SD standard deviation.
** p < 0.01; *** p < 0.001.
aStudent’s t-test.
bMann–Whitney U test.
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the correlation between altitude-associated high-altitude expo-
sure and early-life neurological development, particularly in
motor-related neural circuits and higher-order cognitive networks.
Our findings align with high-altitude studies demonstrating that

constrained physical activity opportunities—whether from envir-
onmental hypoxia (muscle oxygenation), cultural practices (pro-
longed swaddling), or thermal stress (cold floors limiting tummy
time) – disrupt typical movement experience essential for motor
pathway development. High-altitude exposure and cultural
practices also synergistically impair infant motor neurodevelop-
ment through restricting physical activity. Chronic oxygen
deprivation (SaO₂ 80–90% at ≥2500m) reduces spontaneous
movements by 22%40 due to muscle fatigue and CNS suppression.
Additionally, traditional swaddling (>12 h/day) and thermal
protection further limit activity, reducing prone time to only
8 ± 3min versus the WHO’s recommended 30min41. This “double-
hit” effect may disrupt activity-dependent neurodevelopment
beyond the direct impact of high-altitude exposure on the CNS.

Children residing at high altitudes encounter distinct physiolo-
gical challenges that may profoundly impact their health and
development. Investigating the effects of altitude on postnatal
and infant health outcomes is crucial for understanding its long-
term biological consequences and developing strategies to
mitigate potential adverse effects. The findings of this study hold
significant implications for public policies aimed at optimizing
pediatric neurodevelopment, as interventions in this domain may
yield substantial benefits for overall child health. Given that the
neurodevelopmental impact of high-altitude exposure may be
associated with complex biological mechanisms that remain
largely uncharacterized, preventive strategies may be difficult to
formulate. Nevertheless, an effective approach to mitigating these
risks could involve early screening for neurodevelopmental
deficits among high-altitude-residing infants, accompanied by
the enhanced household investments in early childhood devel-
opment to counterbalance any deficiencies. Additionally, local
governments may consider allocating greater resources to support

Table 3. ASQ-3 neurodevelopmental diagnoses at 6, 12, and 18 months in the low-altitude and high-altitude groups

low-altitude group (Xi’an) high-altitude group (Lhasa) p-value

Month 6 n (%) n= 100 n= 50

Communication Above cut-off 86 (86.0) 43 (86.0) 1.000 a

Blow/Close to cut-off 14 (14.0) 7 (14.0)

Gross motor Above cut-off 91 (91.0) 39 (78.0) 0.027* a

Blow/Close to cut-off 9 (9.0) 11 (22.0)

Fine motor Above cut-off 75 (75.0) 40 (80.0) 0.495 a

Blow/Close to cut-off 25 (25.0) 10 (20.0)

Problem solving Above cut-off 75 (75.0) 41 (82.0) 0.334 a

Blow/Close to cut-off 25 (25.0) 9 (18.0)

Personal-social Above cut-off 86 (86.0) 44 (88.0) 0.734 a

Blow/Close to cut-off 14 (14.0) 6 (12.0)

Month 12 n (%) n= 94 n= 49

Communication Above cut-off 82 (87.2) 46 (93.9) 0.263 b

Blow/Close to cut-off 12 (12.8) 3 (6.1)

Gross motor Above cut-off 85 (90.4) 36 (73.5) 0.008** a

Blow/Close to cut-off 9 (9.6) 13 (26.5)

Fine motor Above cut-off 71 (75.5) 36 (73.5) 0.787 a

Blow/Close to cut-off 23 (24.5) 13 (26.5)

Problem solving Above cut-off 77 (81.9) 43 (87.8) 0.367 a

Blow/Close to cut-off 17 (18.1) 6 (12.2)

Personal-social Above cut-off 78 (83.0) 38 (77.6) 0.431 a

Blow/Close to cut-off 16 (17.0) 11 (22.4)

Month 18 n (%) n= 85 n= 47

Communication Above cut-off 68 (80.0) 41 (87.2) 0.294 a

Blow/Close to cut-off 17 (20.0) 6 (12.8)

Gross motor Above cut-off 77 (90.6) 30 (63.8) <0.001***a

Blow/Close to cut-off 8 (9.4) 17 (36.2)

Fine motor Above cut-off 57 (67.1) 33 (70.2) 0.710 a

Blow/Close to cut-off 28 (32.9) 14 (29.8)

Problem solving Above cut-off 62 (72.9) 38 (80.9) 0.310 a

Blow/Close to cut-off 23 (27.1) 9 (19.1)

Personal-social Above cut-off 70 (82.4) 41 (87.2) 0.463 a

Blow/Close to cut-off 15 (17.6) 6 (12.8)
* p < 0.05; ** p < 0.01; *** p < 0.001.
aPearson Χ2-test.
bFisher’s exact test.
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the neurodevelopment of immigrant offspring, particularly con-
centrating on infants exhibiting lower neurodevelopment.
Several limitations of the present study are noteworthy. Firstly,

the sample size was relatively constrained. As of 2020, the Tibetan
region was home to approximately 3,241,000 indigenous residents
and 407,100 high-altitude immigrants from low-altitude areas. Due
to the dispersed distribution of the immigrant population,
recruitment of sufficient immigrant parents who had given birth
at high altitude proved challenging. Moreover, a substantial
proportion of mothers were excluded due to the prolonged
absences from high-altitude environments during pregnancy or a
preference for relocating their children to low-altitude regions
postnatally. Future large-scale research will be essential to further
validate and enhance the generalizability of these findings.
Secondly, demographic-based differences were noted between
the high-altitude and low-altitude groups, particularly regarding
parental educational levels and parity distribution. These differ-
ences were, in part, attributable to socioeconomic differences
between Lhasa and Xi’an. Although matching procedures were
implemented to control for key confounders identified in the
literature (pediatric sex, birth weight, gestational age, and
maternal age),42 it was pragmatically unfeasible to achieve precise
matching for parental education and parity status. To address this
limitation, subgroup analysis and logistic regression models were
employed to adjust for these confounding variables. The results
confirmed that high-altitude exposure emerged as the predomi-
nant and statistically significant factor, contributing to neurode-
velopmental differences between the high-altitude and low-
altitude groups. Thirdly, the present study was conducted
exclusively among Han ethnicity high-altitude immigrant popula-
tion, and indigenous Tibetan communities were not included. This
delimitation inherently constrains the generalizability of the
findings. Han populations exhibited poorer physiological adapta-
tion to high-altitude environments compared with Tibetans, as
evidenced by their attenuated hypoxic ventilatory responses and
lower hemoglobin oxygen affinity. Future investigations should
incorporate Tibetan cohorts to enhance the epidemiological
representativeness and potential clinical applicability of findings
across diverse high-altitude adaptation phenotypes.
This research is motivated by a significant public health

challenge in China: a large, yet understudied, population of
migrant children who undergo critical stages of growth and
development (i.e., the first 1000 days of life, from conception to
age 2) in persistent high-altitude environments. Current research
on high-altitude pediatric health is limited in two key ways: firstly,
most studies examine either prenatal or postnatal high-altitude
exposure in isolation, neglecting their cumulative effects;
secondly, there is a lack of longitudinal data tracking the growth
and development of migrant children over time. By addressing
these gaps, this study provides novel insights into the unique
physiological (e.g., adaptive changes in oxygen metabolism) and
sociological (e.g., interactions between high-altitude exposure and
socioeconomic factors, such as access to pediatric care) challenges
faced by this vulnerable population.
In summary, targeted interventions for parents and infants

living at high altitudes should adopt a multidimensional strategy
concentrated on alleviating hypoxic stress, safeguarding maternal
and infant health, and protecting neurodevelopment. For infants,
priority measures include enhanced blood oxygen monitoring
coupled with individualized oxygen supplementation, supple-
mentation with key nutrients (e.g., iron and vitamins), and the
implementation of early neurodevelopmental screening. For
parents, interventions concentrate on strengthening guidance
for altitude acclimatization and nutritional management during
pregnancy, as well as providing training on the identification of
infant developmental status and scientific childcare practices.
Collectively, these interventions can not only mitigate the adverse
physiological effects of the high-altitude environment on mothers

and infants but also provide practical support for protecting early
infant neurodevelopment and reducing long-term cognitive risks,
thereby laying a scientific foundation for formulating maternal
and infant health policies in high-altitude regions.

CONCLUSIONS
This prospective cohort study identified suboptimal neurodeve-
lopmental outcomes among high-altitude immigrants’ offspring
who experienced prolonged high-altitude exposure during both
prenatal and early postnatal stages. Despite exhibiting no
significant differences in physical growth parameters versus low-
altitude infants, infants born and raised at high altitudes
demonstrated remarkably lower gross motor neurodevelopmental
scores and an increased likelihood of developmental failure in this
domain. These findings highlight the medical necessity of
implementing earlier neurodevelopmental screening for high-
altitude infants, along with enhanced public health interventions
and targeted investments in early childhood development to
mitigate potential deficits.

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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