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Abstract

Background: Vitamin D and weight status are key determinants for neurodevelopmental outcomes in children. However, their
independent and interactive associations with neurodevelopmental outcomes represent a critical yet insufficiently explored issue
in pediatric health.

Objective: This study aims to evaluate the independent associations of vitamin D status and weight status with neurodevelopmental
outcomes in a large pediatric cohort and to explore how these relationships are stratified by age and sex.

Methods: This retrospective study analyzed the electronic health records of 19,283 healthy children who visited a health
management center in a tertiary children’s hospital. Neurodevelopmental outcomes were assessed using the Ages and Stages
Questionnaire, Third Edition (ASQ-3) (<6 years) and Conners Parent Rating Scale (CPRS) (≥6 years). Logistic regression analyses
were applied to assess the independent and interactive impacts of vitamin D and weight status on neurodevelopmental outcomes.

Results: The study included 19,283 children, 10,065 (52.2%) of whom were under 6 years old and 9218 (47.8%) who were
between 6 and 18 years old. Among them, 1275 (12.67%) children under 6 were at risk for neurodevelopmental delay, and 1483
(16.09%) children aged between 6 and 18 years had behavioral challenges. Multivariable logistic regression revealed that vitamin
D insufficiency/deficiency was significantly associated with suboptimal neurodevelopment in both the younger (odds ratio [OR]
1.48, 95% CI 1.23-1.79; P<.001) and older cohorts (OR 1.56, 95% CI 1.39-1.74; P<.001. A subgroup analysis revealed that
vitamin D insufficiency/deficiency significantly increased the risk of neurodevelopmental delay among normal-weight girls under
6 years (OR 2.24, 95% CI 1.60-3.15; P<.001; q<.006) after the Benjamini-Hochberg false discovery rate correction. In the
6-to-18-year-old cohort, similar robust associations with behavioral challenges were observed in normal-weight girls (OR 1.61,
95% CI 1.30-2.00; P<.001; q<.006) and boys (OR 1.64, 95% CI 1.36-1.96; P<.001; q<.006).

Conclusions: Vitamin D insufficiency/deficiency is associated with suboptimal neurodevelopmental outcomes in a sex-dependent
manner modulated by weight status, challenging “one-size-fits-all” clinical models. We advocate for stratified, sex-specific
screening and personalized pediatric care strategies.
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Introduction

Optimal neurodevelopment during childhood and adolescence
is fundamental for lifelong cognitive function, emotional
regulation, and social adaptation. However, this critical
developmental window is increasingly threatened by two
concurrent global public health challenges: the escalating
prevalence of pediatric obesity and widespread vitamin D
insufficiency [1,2]. The rising rates of childhood overweight
and obesity, observed in both limited-income and high-income
countries, including China, are no longer viewed solely as a
risk for metabolic disease but also as a potential detriment to
neurological health [3]. Concurrently, vitamin D, once primarily
associated with skeletal homeostasis, is now recognized for its
vital extraskeletal role, with a high prevalence of insufficiency
and deficiency reported across diverse pediatric populations,
independent of their nutritional status [4]. The potential
intersection of these two prevalent conditions presents a
significant and underinvestigated area of concern for pediatric
health.

A substantial body of evidence has independently linked both
adiposity and vitamin D status to neurodevelopmental outcomes
[5-7]. Overweight and obesity in children are associated with
chronic low-grade systemic inflammation and metabolic
dysregulation, which can create a neuroinflammatory
microenvironment detrimental to neural circuit maturation and
synaptic plasticity [8]. On a parallel track, the biological
plausibility for vitamin D's role in brain health is compelling.
The vitamin D receptor and its activating enzymes are widely
expressed throughout the developing brain, including in
neurocritical regions like the hippocampus and prefrontal cortex
[9]. As a potent neurosteroid, vitamin D modulates the
expression of neurotrophic factors, regulates neurotransmitter
synthesis, and exerts neuroprotective anti-inflammatory effects,
making it indispensable for processes such as neuronal
proliferation and synaptogenesis [9,10]. Clinical observations
corroborate these mechanisms, with studies reporting lower
serum vitamin D levels in children with neurodevelopmental
disorders such as autism spectrum disorder (ASD) and
attention-deficit/hyperactivity disorder (ADHD) compared to
their neurotypical peers [11].

Despite the evidence establishing these separate associations,
a critical knowledge gap exists in understanding their combined
and interactive effects. Few large-scale epidemiological studies
have simultaneously investigated vitamin D status, weight status,
and neurodevelopment within a single pediatric cohort. This is
a significant oversight, particularly given the intricate
physiological relationship between these two factors; adiposity
is a well-established risk factor for vitamin D deficiency,
primarily through sequestration of this fat-soluble vitamin in
adipose tissue, thereby reducing its systemic bioavailability
[12]. Furthermore, much of the existing research is based on
specific clinical populations (eg, children already diagnosed

with neurodevelopmental disorders) or smaller samples, and
there is a particular paucity of data from large, community-based
cohorts of children spanning the full developmental spectrum
from infancy to adolescence.

Given these research gaps, a comprehensive investigation in a
large, diverse pediatric sample is warranted to investigate the
complex interplay between vitamin D, weight status, and
neurodevelopment. Therefore, this study aimed to investigate
the associations of vitamin D status and weight status with
neurodevelopmental outcomes in a large pediatric population
aged between 0 and 18 years, using data from a major children’s
health management center in East China.

Methods

Study Design and Participants
Our study retrospectively reviewed the electronic medical
records database of participants who had health checkups at the
Children's Hospital, Zhejiang University School of Medicine,
from January 1, 2019, to June 30, 2025. This study included all
children who met the following inclusion criteria: (1) aged ≤
18 years old; (2) had data regarding serum levels of
25-hydroxyvitamin D, or 25(OH)D, and neurodevelopmental
outcomes measured by the standard instruments; and (3) had
no neurological disorders or physical disabilities. The exclusion
criteria were as follows: (1) multiple records for one child, only
retaining the earliest record; and (2) missing information on
demographic characteristics such as age, sex, height, and weight.

Ethical Considerations
This study was conducted in accordance with the Declaration
of Helsinki [13] and was approved by the Medical Ethics
Committee of the Children's Hospital, Zhejiang University
School of Medicine (2021-IRB-185). Informed consent was
waived by the ethics committee because the research involved
a retrospective review of deidentified electronic health records
and posed minimal risk to the participants. To ensure privacy
and confidentiality, all data were fully deidentified and
anonymized prior to analysis. No financial compensation or
incentives were provided to the participants, as the data were
collected during routine health checkups.

Data Collection and Serum Levels 25(OH)D
Venous blood samples were collected from all participants in
the morning after an overnight fast. Serum 25(OH)D levels were
measured using a chemiluminescent immunoassay (25-Hydroxy
Vitamin D Assay Kit, Orienter) on an automated analyzer. The
laboratory strictly followed the manufacturer’s protocols, with
regular internal quality control to ensure that the intraassay and
interassay coefficients of variation were within clinical
standards. According to the Global Consensus
Recommendations on Prevention and Management of
Nutritional Rickets [14], the sufficiency levels are defined as
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follows: sufficiency (>50 nmol/l), insufficiency (30-50 nmol/l),
and deficiency (<30 nmol/l).

Neurodevelopmental Outcomes
In alignment with standardized clinical screening protocols,
neurodevelopmental outcomes were assessed using
age-appropriate instruments. The Ages and Stages
Questionnaire, Third Edition (ASQ-3) was employed for
children under 6 years to capture early developmental
milestones, while the Conners Parent Rating Scale (CPRS) was
used for children aged between 6 and 18 years to evaluate
behavioral and psychological symptoms. This transition between
tools reflects the shifting clinical focus from motor and
communication milestones in early childhood to behavioral and
emotional regulation in school-aged children and adolescents.
Age 6 serves as a critical clinical threshold in our health
management center to ensure a streamlined workflow and avoid
tool overlapping. The ASQ-3 was administered for
neurodevelopmental screening in children under 6 years. This
parent-completed tool, which takes approximately 10 to 15
minutes, consists of 30 items across 5 domains: communication,
gross motor, fine motor, problem-solving, and personal-social.
Each item is scored as 10 (yes), 5 (sometimes), or 0 (not yet).
Domain-specific and total scores were calculated and compared
to established age-specific cut-offs derived from the Chinese
standardization of the ASQ-3 [15]. These Chinese norms were
validated in a large-scale national sample to ensure cultural and
linguistic appropriateness [15]. Children were categorized into
3 groups based on their scores relative to the mean (x) and
standard deviation (SD): (1) “on schedule,” where scores were
above x−1SD, indicating typical development; (2) “monitored,”
where scores fell between x−2SD and x−1SD, indicating the
monitoring zone; and (3) “possibly delayed,” where scores were
≤x−2SD, indicating a high risk of developmental delay. For this
study, children in both the “monitored” and “possibly delayed”
categories (ie, any score ≤x−1SD in one or more domains) were
classified as being at risk for neurodevelopmental delay to
ensure a comprehensive screening of children requiring clinical
attention. The CPRS (Chinese version) was used to evaluate
the behavioral and psychological status of children aged 3 to
17 years. Our study population’s actual age distribution fell
entirely within its validated range; all participants were under
the age of 18 (maximum age 17.9 years), and those aged ≥17.0
years represented a negligible fraction (54/19,283, 0.28%) of
the total sample. Consequently, the use of the CPRS was both
clinically appropriate and strictly aligned with its validated age
parameters. The CPRS consists of 48 items rated on a 4-point
Likert scale (0=not at all present to 3=very much present) and
encompasses 5 subscales: oppositional (12 items), learning
problems (4 items), psychosomatic problems (5 items),
hyperactivity-impulsivity (4 items), and anxiety (4 items) [16].
The score for each subscale was determined by the mean of its
component items. A participant was classified as having
behavior problems if one or more subscale scores exceeded the
Chinese standardized norms (ie, the mean score by more than
two SDs) [17]. The questionnaires were completed by parents
or primary guardians under the supervision of trained health
professionals.

Covariate Evaluation
The selection of covariates for the multivariable models was
primarily determined by the availability of variables in our
health management database, further guided by clinical expertise
and established literature on pediatric neurodevelopment.
Consequently, we included all available clinical and
demographic parameters from the electronic health records that
were identified as potential confounders, including age, sex,
and weight status. Age was calculated as the time interval from
birth to the examination date. Height and weight were measured
using the age-appropriate equipment and protocols. For children
under 3 years of age, recumbent length was measured in the
supine position using a baby height-measuring board, while for
children aged 3 years and older, standing height was measured
using a calibrated stadiometer. Weight was measured to the
nearest 50 g using an infant electronic scale for children under
2 years of age and a lever scale for those older than 2 years. All
measurements were taken with the children wearing minimal
clothing and no shoes. Weight status across all age groups was
classified according to the World Health Organization (WHO)
growth standards [18]. Weight status for children under 2 years
was defined according to weight-for-length z score criteria.
Participants were classified as underweight (z score < –2),
overweight (z score > 2), and obesity (z score > 3). For children
and adolescents aged 2 to 18 years, BMI was calculated as

weight (kg) divided by height squared (m2). In accordance with
WHO standards, participants were classified as underweight
(BMI for age ≤5th percentile), overweight (≥85th percentile),
or obese (≥95th percentile) [18].

Statistical Analysis
A complete case analysis was performed for this study.
Participants with missing values for serum 25(OH)D,
neurodevelopmental screening scores, or covariates (age, sex,
and weight status) were excluded during the initial data cleaning
phase, as detailed in our inclusion and exclusion criteria. This
resulted in a final analytic sample of 19,283 children with
complete information for all variables of interest. First, the
normality of continuous variables was assessed using the
Kolmogorov-Smirnov test. In this study, all continuous variables
followed a normal distribution; therefore, the results are
presented as mean and SD. Categorical variables are expressed
as numbers and percentages. Differences in the distribution of
the above dependent variables were compared between children
with and without typical neurodevelopmental outcomes using
t tests for continuous variables and chi-square tests for
categorical variables. In addition, we assessed sex differences
in weight status and vitamin D nutritional status in the 2 age
groups (between 0 and 6 years and above 6 years). Because
some vitamin D deficiency subgroups had small sample sizes,
we combined the insufficiency and deficiency categories for
the following analysis. Second, we evaluated the associated
factors for suboptimal neurodevelopmental outcomes in the
study population using binary logistic regression analysis.
Further, a subgroup analysis was conducted using the binary
logistic regression models to assess the association between
vitamin D nutritional status and neurodevelopmental outcomes
across different subgroups of weight status in both boys and
girls. To account for the increased risk of type I errors due to
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multiple comparisons, we applied the Benjamini-Hochberg false
discovery rate (FDR) correction. The findings were considered
statistically robust if the FDR-adjusted q value was <.05. For
results where the original P value was <.05 but the q value fell
between .05 and .10, the associations were interpreted as
“marginally significant” or “suggestive trends” rather than
definitive findings, ensuring a more conservative and prudent
interpretation of our results.

All statistical analyses were conducted using SPSS Statistics
(version 27.0; IBM Corp) and R software (version 4.4.1; R
Foundation for Statistical Computing). Statistical significance
was indicated when P<.05 (2 tails).

Results

General and Clinical Characteristics of the Study
Population
Table 1 outlines the general and clinical characteristics of the
study population. The study analyzed a total of 10,065 (52.2%)
children aged below 6 years and 9218 (47.8%) children aged 6
years or above. Among children under the age of 6 years, 1275
(12.67%) were at risk for neurodevelopmental delay. Among
children older than 6 years, 1483 (16.09%) were identified to
have behavioral challenges. In both age groups, children with
suboptimal neurodevelopmental outcomes (ie, being at risk for
neurodevelopmental delay under age 6 and having behavioral
challenges older than 6) were significantly younger, more often
boys, and had higher BMI and lower 25(OH)D level (all P
values <.05).

Table 1. General and clinical characteristics of the study population (N=19,283).

≥6 years<6 yearsCharacteristics

P valueHaving behavioral
challenges

(n=1,483)

Typicality
(n=7,735)

Overall
(n=9218)

P valueAt risk for
delay
(n=1275)

Typicality
(n=8790)

Overall
(n=10,065)

.0039.58 (2.52)9.79 (2.63)9.76 (2.61)<.0012.48 (1.59)2.81 (1.56)2.76 (1.57)Age (years), mean (SD)

<.001Sex, n (%)

868 (58.53)4903 (63.39)5771 (62.61)<.001885 (69.41)4909 (55.85)5794 (57.57)Male

615 (41.47)2832 (36.61)3447 (37.39)390 (30.59)3881 (44.15)4271 (42.43)Female

<.001138.42 (15.60)140.66
(16.49)

140.30
(16.37)

<.00189.15
(15.24)

92.78
(14.60)

92.32 (14.73)Height (cm), mean (SD)

<.00133.80 (13.92)35.52
(14.72)

35.24
(14.61)

<.00112.86 (3.90)13.69 (3.98)13.58 (3.98)Weight (kg), mean (SD)

.0116.96 (3.61)17.22 (3.66)17.18 (3.66)<.00116.03 (1.86)15.74 (1.68)15.77 (1.71)BMI (kg/m2), mean (SD)

.05Weight status, n (%)

148 (9.98)633 (8.18)781 (8.47).46111 (8.71)723 (8.23)834 (8.29)Underweight

1009 (68.04)5290 (68.39)6299 (68.33)1065 (83.53)7456 (84.82)8521 (84.66)Normal weight

326 (21.98)1812 (23.43)2138 (23.19)99 (7.76)611 (6.95)710 (7.05)Overweight and obesity

<.00152.63 (21.33)57.47
(23.78)

56.69
(23.47)

.00695.28
(43.89)

98.82
(42.58)

98.37 (42.76)25(OH)Da (nmol/L), mean
(SD)

<.001Vitamin D nutritional status, n (%)

687 (46.33)4333 (56.02)5020 (54.46).081113 (87.29)7841 (89.20)8954 (88.96)Sufficiency

656 (44.23)2766 (35.76)3422 (37.12)146 (11.45)875 (9.95)1021 (10.14)Insufficiency

140 (9.44)636 (8.22)776 (8.42)16 (1.25)74 (0.84)90 (0.89)Deficiency

a25(OH)D: 25-hydroxyvitamin D.

In addition, Multimedia Appendices 1 and 2 highlight the sex
differences in the proportion of weight status and vitamin D
nutritional status in the two age groups. Girls at risk for
neurodevelopmental delay had significantly higher rates of
vitamin D insufficiency/deficiency than their peers with typical
neurodevelopment (15.64% vs 11.00%; P=.006). In children
above 6 years old, we observe significantly higher rate of
vitamin D insufficiency/deficiency in both boys and girls with
behavioral challenges compared to their typical peers (boys:

50.35% vs 42.12%; P<.001 and girls: 58.37% vs 47.21%;
P<.001). Multimedia Appendices 3 and 4 present the rates of
being at risk for neurodevelopmental delay (<6 years) and
behavioral challenges (>6 years) across the subgroups of weight
status and vitamin D nutritional status, respectively. The rate
of being at risk for neurodevelopmental delay was highest in
the subgroup of underweight + vitamin D
insufficiency/deficiency (18.75%), followed by that in the
subgroup of overweight/obesity + vitamin D
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insufficiency/deficiency (17.95%). The rate of behavioral
challenges was highest in the subgroup of underweight + vitamin
D insufficiency/deficiency (23.7%), followed by that in the
subgroup of normal weight + vitamin D insufficiency/deficiency
(19.38%), while the rate in the subgroup of overweight/obesity
+ vitamin D insufficiency/deficiency was relatively low
(16.61%).

Associated Factors of Suboptimal Neurodevelopmental
Outcomes by Multivariable Logistic Regression
Analysis
Table 2 presents the results of the logistic regression analysis
regarding the associated factors of being at risk of

neurodevelopmental delay in children under 6 years old. Older
age, being male, and having vitamin D insufficiency/deficiency
were statistically significantly associated with being at risk for
neurodevelopmental delay (all P values <.05). More specifically,
when a child had vitamin D insufficiency or deficiency, the
odds of being at risk of neurodevelopmental delay were 1.48
times higher than those who had sufficient vitamin D (95% CI
1.23-1.79; P<.001).

Table 2. Logistic regression analysis of factors associated with risk of neurodevelopmental delay in children under 6 years of age (n=10,065).

P valueOR (95% CI)Characteristics

<.0010.84 (0.81-0.88)Age

Sex

N/AareferenceFemale

<.0011.79 (1.57-2.03)Male

Weight status

N/AreferenceNormal weight

.061.23 (0.99-1.53)Underweight

.121.20 (0.96-1.50)Overweight and obesity

Vitamin D nutritional status

N/AreferenceSufficiency

<.0011.48 (1.23-1.79)Insufficiency/Deficiency

aN/A: not applicable.

The associated factors for each specific domain of ASQ had
different patterns (Multimedia Appendix 5). To be noted,
underweight and overweight/obesity were significantly
associated with delays in gross motor (underweight: OR 1.58,
95% CI 1.17-2.12; P=.003; overweight/obesity: OR 1.64, 95%
CI 1.21-2.23; P=.002) and fine motor (underweight: OR 1.77,
95% CI 1.32-2.38; P<.001; overweight/obesity: OR 1.55, 95%
CI 1.13-2.14; P=.007). Vitamin D insufficiency/deficiency was
significantly associated with elevated odds of being at risk of
delay at the overall level and each domain level (all P<.05).
There was also a sex difference regarding the pattern of
associated factors, as underscored in Multimedia Appendices
6 and 7. Boys with overweight/obesity had a higher risk of
overall delay (odds ratio [OR] 1.30, 95% CI 1.01-1.68; P=.042),
while vitamin D insufficiency or deficiency was not statistically
significantly associated with overall delay or delay in a specific

domain except for communication (OR 1.57, 95% CI 1.02-2.42;
P=.042). However, in girls, the significant association between
overweight/obesity and delay disappeared, and vitamin D
insufficiency or deficiency had a statistically significant
association with overall delay or delay in a specific domain
(P<.05).

Table 3 presents the results of the logistic regression analysis
in terms of the associated factors of having behavioral challenges
in children above 6 years old. Older age, being female, being
underweight, and having vitamin D insufficiency/deficiency
were statistically significantly associated with having behavioral
challenges (all P<.05). More specifically, vitamin D
insufficiency or deficiency was significantly associated with an
increased odds of having behavioral challenges (OR 1.56, 95%
CI 1.39-1.74; P<.001).

JMIR Public Health Surveill 2026 | vol. 12 | e89756 | p. 5https://publichealth.jmir.org/2026/1/e89756
(page number not for citation purposes)

Shen et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Table 3. Logistic regression analysis of factors associated with behavioral challenges in children over 6 years (n=9218).

P valueOR (95% CI)Characteristics

<.0010.95 (0.93-0.98)Age

Sex

N/AareferenceFemale

.0031.19 (1.06-1.33)Male

Weight status

N/AreferenceNormal weight

.021.25 (1.04-1.52)Underweight

.500.95 (0.83-1.10)Overweight and obesity

Vitamin D nutritional status

N/AreferenceSufficiency

<.0011.56 (1.39-1.74)Insufficiency/deficiency

aN/A: not applicable.

The pattern of associated factors for each domain of CPRS
differed (Multimedia Appendix 8). In particular, underweight
was significantly associated with elevated risk of having
psychosomatic problems (OR 1.31, 95% CI 1.01-1.71; P=.043),
while overweight/obesity was significantly associated with
lower odds of having psychosomatic problems (OR 0.68, 95%
CI 0.55-0.85; P<.001). Vitamin D insufficiency/deficiency was
significantly associated with elevated odds of behavioral
challenges and odds of oppositional disorder, learning
challenges, psychosomatic challenges, and
hyperactivity-impulsivity at the domain level (all P<.05).
Multimedia Appendices 9 and 10 display the profiles of
associated factors in boys and girls, respectively.

Subgroup Analysis of the Association Between Vitamin
D and Neurodevelopmental Outcomes Across Different
Weight Subgroups
Figure 1 contains a forest plot showing the associations between
vitamin D insufficiency/deficiency and neurodevelopmental
delay in boys and girls under 6 years old in the underweight,

normal weight, and overweight/obesity subgroups. Notably,
after FDR correction, the most robust association was observed
in the normal-weight subgroup, where girls with vitamin D
insufficiency/deficiency had a significantly higher risk of
neurodevelopmental delay (OR 2.24, 95% CI 1.60-3.15; P<.001,
q<.006). Figure 2 demonstrates the associations between vitamin
D insufficiency/deficiency and behavioral challenges in boys
and girls above 6 years old in the underweight, normal weight,
and overweight/obesity subgroups. Among girls, while the
original P values indicated significant associations before FDR
corrections across all weight categories (all P<.05), these
associations remained statistically robust primarily in the
normal-weight group (OR 1.61, 95% CI 1.30-2.00; P<.001;
q<.006) and showed a marginal significance in the underweight
and overweight/obesity groups (all q=.06). Among boys, the
association remained significant only in the normal-weight
subgroup, where vitamin D insufficiency/deficiency was linked
to a higher chance of behavioral challenges (OR 1.64, 95% CI
1.36-1.96; P<.001; q<.006).

Figure 1. Associations between Vitamin D status and being at risk for neurodevelopmental delay in children aged under 6 years, stratified by sex and
weight status.
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Figure 2. Associations between Vitamin D status and behavior problems in children aged above 6 years, stratified by sex and weight status.

Discussion

Principal Findings
This large-scale study revealed the complex relationship of
vitamin D and weight status with neurodevelopmental outcomes
across a wide pediatric age range. Our principal and most
significant finding is a profound sex-specific divergence in risk
profiles: in children under 6 years, neurodevelopmental risk in
boys was predominantly linked to overweight/obesity, whereas
in girls, vitamin D insufficiency/deficiency emerged as the
critical independent determinant. Furthermore, we uncovered
an unexpected pattern in that the harmful effects of low vitamin
D on neurodevelopment were surprisingly strongest in
normal-weight children. Collectively, these findings challenge
a simplistic risk model, suggesting that the pathways linking
vitamin D and weight status to childhood neurodevelopment
are fundamentally moderated by both sex and developmental
context. This highlights the necessity for more tailored, sex-
and context-specific strategies in both future research and
clinical practice.

Our study first highlights the significant public health challenge
of vitamin D insufficiency in Chinese children, revealing a
dramatic age-related disparity. While the combined prevalence
of vitamin D insufficiency and deficiency was 11.03% in
children under 6 years, this figure notably increased to 45.54%
in the 6-to-18 years age group. This significant increase is
consistent with other reports from China [19] and likely reflects
a critical gap in public health practices. The current
supplementation guidelines and parental attention are
predominantly focused on infancy and early childhood [20,21],
after which routine supplementation often stops [22]. The
prevalence in our cohort, particularly among the older group,
appears considerably higher than that reported in children in
the United States by the National Health and Nutrition
Examination Survey (2011-2014) [23], underscoring the urgent
need to revise and extend public health strategies in China.

A main finding of our study is the confirmation that vitamin D
insufficiency/deficiency is a strong independent risk factor for
suboptimal neurodevelopmental outcomes, after adjusting for
a comprehensive set of critical covariates, including age, sex,
and weight status. What makes this association particularly
compelling is the distinct and pervasive nature of the risk profile

associated with poor vitamin D status when compared to that
of weight status.

Our analysis revealed that the impact of abnormal weight status
was primarily domain-specific and manifested differently across
developmental stages. While it was associated with gross and
fine motor skill delays in the younger cohort (under 6 years), it
was linked to psychosomatic disorders in the older cohort
(between 6 and 18 years). These divergent patterns likely reflect
both age-dependent biological vulnerabilities and the distinct
clinical focus of the assessment tools optimized for each age
group.

This association likely reflects different physiological
mechanisms depending on weight status: underweight children
may lack essential nutrients needed for brain growth, while
those with overweight or obesity may experience chronic
inflammation and metabolic disruption. In contrast, vitamin D
insufficiency/deficiency demonstrated a remarkably global
effect that transcended developmental stages. In our younger
cohort, this manifested as pan-domain developmental delays,
while in the older group, it presented as broad-spectrum
behavioral and learning challenges. This broad-spectrum risk
profile not only aligns with but also substantially extends the
scope of previous research, which often linked low vitamin D
to more isolated outcomes such as communication delays or an
increased risk for ADHD [24,25]. The consistency of this
widespread risk reinforces the hypothesis that vitamin D
functions as a fundamental neurosteroid, a role supported by
strong biological plausibility. Vitamin D acts via receptors that
are ubiquitously expressed throughout the brain, where it
modulates genes controlling fundamental neurodevelopmental
processes, including neuronal differentiation, synaptic plasticity,
and neuroprotection [9,11,26-30]. A deficit in this essential
nutrient can thus lead to widespread disruption at any stage
from early brain formation to later neural maturation. This
highlights vitamin D deficiency as a fundamental threat to brain
health throughout childhood.

Beyond the aforementioned main effects, our study reveals a
complex, sex-specific interplay between vitamin D status and
weight status that challenges simplistic, additive risk models.
Following rigorous FDR correction, the most robust associations
between vitamin D insufficiency/deficiency and adverse
neurodevelopmental outcomes were consistently observed within
the normal-weight subgroup across all age groups in girls and
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among boys aged 6 years and older. In normal-weight children,
the absence of major metabolic disturbances—often associated
with extreme weight statuses—may provide a clearer “biological
window” to observe the direct neurotropic impact of vitamin
D. This suggests that when weight status is within the normal
range, the brain’s foundational development and behavioral
regulation may be more directly vulnerable to the lack of this
critical neurosteroid.

In children with overweight or obesity, neurodevelopment is
influenced by a multifactorial array of risks, including chronic
inflammation and metabolic dysregulation, which may
independently impair cognitive and behavioral functions. These
competing risks may “mask” or dilute the specific contribution
of vitamin D in our statistical models, leading to the attenuated
associations observed (q>.05). Interestingly, in girls aged 6
years and older, a consistent but marginally significant trend
was observed in the underweight and overweight/obesity
subgroups (both q=.06). This suggests that the neuroprotective
role of vitamin D in girls above 6 years may be more pervasive
across different body compositions than in other cohorts. The
attenuation from significance (P<.05) to a marginal trend (q=.06)
after FDR correction likely reflects the reduced statistical power
within these smaller samples of weight-extreme strata, rather
than a true absence of biological effects. Nevertheless, these
findings should be considered exploratory, warranting further
validation in even larger specialized cohorts of pediatric
populations with underweight or overweight/obesity.

Our findings urge a shift toward a more precise, stratified
approach in neurodevelopmental surveillance. From a public
health perspective, the sharp rise in vitamin D inadequacy after
infancy highlights a critical gap in health education,
necessitating revised strategies that advocate for continued
supplementation throughout childhood. In the clinical setting,
our results call for more proactive and risk-based screening.
Our data suggest that clinicians should view the combination
of weight status and vitamin D insufficiency/deficiency as an
identifiable risk signal for future neurodevelopmental and
behavioral adversity. Our results suggest that girls may exhibit
greater vulnerability to the neurodevelopmental impacts of
vitamin D insufficiency/deficiency. For girls older than 6 years,
the risks associated with vitamin D insufficiency/deficiency
should be taken seriously, regardless of their weight status.

Strengths and Limitations
Our study has several key strengths. The main strength is its
large sample size, which ensures sufficient statistical power and
allows us to examine complex sex-specific relationships that
differ between boys and girls. This kind of detailed analysis is
often not possible in smaller studies. Second, the inclusion of
a wide age range, combined with validated, age-appropriate

neurodevelopmental assessment tools (ASQ-3 and CPRS), was
essential for revealing how these risk factors manifest differently
across distinct developmental stages. Furthermore, our rigorous
adjustment for a comprehensive set of covariates strengthens
the conclusion that vitamin D status and weight status are
independently associated with neurodevelopmental outcomes.

Nevertheless, we must acknowledge several limitations. First,
the cross-sectional design of this study establishes associations
but precludes definitive causal inference. We cannot entirely
rule out reverse causality, where children with subtle
neurodevelopmental or behavioral challenges may have reduced
outdoor activities or restrictive dietary habits, leading to
secondary vitamin D deficiency. However, since our participants
were primarily from the general pediatric population undergoing
routine health screenings, the impact of severe clinical behaviors
is likely limited. Future longitudinal studies are necessary to
elucidate this potentially bidirectional relationship. Second, our
outcomes were based on parent-reported screening
questionnaires. While these tools are highly feasible for
large-scale epidemiological research, they are not a substitute
for gold-standard clinical diagnoses and may be subject to
reporting bias. Third, despite the adjustment for essential clinical
covariates, the potential for residual confounding remains. As
our data were derived from routine electronic health records
rather than structured research surveys, certain
socioenvironmental and lifestyle factors, such as parental
education level, family income, and outdoor physical activity,
were not available in our database. These factors are known to
influence both vitamin D levels and neurodevelopmental
outcomes. Although we included all relevant clinical variables
available in our records to mitigate this, our results should be
interpreted with caution regarding these unmeasured
confounders. Fourth, our study utilized different assessment
tools for the two age cohorts (ASQ-3 and CPRS). While both
are validated for their respective populations, their domains do
not completely overlap (eg, hyperactivity is not captured by
ASQ-3). Consequently, our findings should be interpreted as
stage-specific associations rather than a continuous
developmental trajectory across the pediatric lifespan.

Conclusions
Our study provides compelling evidence that vitamin D
deficiency is an independent determinant of neurodevelopmental
and behavioral adversities throughout childhood. The interaction
with weight status is not uniform but sex dependent. These
findings highlight the inadequacy of a one-size-fits-all approach.
We advocate for a shift toward proactive, stratified screening,
where neurodevelopmental risk is assessed through a dynamic,
sex- and context-specific lens to enable truly personalized
pediatric care.

Acknowledgments
This research did not receive any specific grant from funding agencies in the public, commercial, or nonprofit sectors. The authors
declare the use of generative AI in the research and writing process. According to the 2025 Generative Artificial Intelligence
Delegation taxonomy (GAIDeT), proofreading and editing tasks were delegated to GAI tools under full human supervision. The
GAI tool used was Gemini 3.0. The responsibility for the final manuscript lies entirely with the authors. The GAI tools are not
listed as authors and do not bear responsibility for the final outcomes.

JMIR Public Health Surveill 2026 | vol. 12 | e89756 | p. 8https://publichealth.jmir.org/2026/1/e89756
(page number not for citation purposes)

Shen et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Data Availability
The data that support the findings of this study are available from the corresponding author (guannanbai@zju.edu.cn) upon
reasonable request.

Authors' Contributions
YS contributed to conceptualization, methodology, investigation, data curation, project administration, resources, writing the
original draft, and writing, review, and editing. MG contributed to the methodology, formal analysis, data curation, writing the
original draft, and writing, review, and editing. LG contributed to the methodology, formal analysis, writing the original draft,
and writing, review, and editing. GB contributed to the study conceptualization, methodology, supervision, writing the original
draft, and writing, reviewing, and editing. LS contributed to writing the original draft and writing, reviewing, and editing. YX
contributed to data curation and writing, reviewing, and editing. BD contributed to writing, reviewing, and editing. KZ contributed
to writing, reviewing, and editing.

Conflicts of Interest
None declared.

Multimedia Appendix 1
Sex differences in the proportion of weight status and vitamin D nutritional status in children between 0 and 6 years old with
typical neurodevelopment and those at risk for delay (n=10,065).
[DOCX File , 14 KB-Multimedia Appendix 1]

Multimedia Appendix 2
Sex differences in the proportion of weight status and vitamin D nutritional status in children above 6 years old with and without
behavioral challenges (n=9218).
[DOCX File , 14 KB-Multimedia Appendix 2]

Multimedia Appendix 3
Rates of being at risk for neurodevelopmental delay in subgroups of weight status and vitamin D nutritional status in children
under 6 years old (n=10,065).
[DOCX File , 14 KB-Multimedia Appendix 3]

Multimedia Appendix 4
Rates of behavior problems in subgroups of weight status and vitamin D nutritional status in children above 6 years old (n=9218).
[DOCX File , 14 KB-Multimedia Appendix 4]

Multimedia Appendix 5
Associated factors of different ASQ-3 (Ages and Stages Questionnaire, Third Edition) domains in children under 6 years old
using logistic regression analysis (n=10,065).
[DOCX File , 14 KB-Multimedia Appendix 5]

Multimedia Appendix 6
Associated factors of being at risk of neurodevelopmental delay in boys under 6 years old using logistic regression analysis
(n=5794).
[DOCX File , 15 KB-Multimedia Appendix 6]

Multimedia Appendix 7
Associated factors of being at risk of neurodevelopmental delay in girls under 6 years old according the logistic regression analysis
(n=4271).
[DOCX File , 15 KB-Multimedia Appendix 7]

Multimedia Appendix 8
Associated factors of different Conners Parent Rating Scale (CPRS) subscales in children above 6 years via logistic regression
analysis (n=9218).

JMIR Public Health Surveill 2026 | vol. 12 | e89756 | p. 9https://publichealth.jmir.org/2026/1/e89756
(page number not for citation purposes)

Shen et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

https://jmir.org/api/download?alt_name=publichealth_v12i1e89756_app1.docx&filename=298484f2a21fbaba94e8ed958d519154.docx
https://jmir.org/api/download?alt_name=publichealth_v12i1e89756_app1.docx&filename=298484f2a21fbaba94e8ed958d519154.docx
https://jmir.org/api/download?alt_name=publichealth_v12i1e89756_app2.docx&filename=6383f7741cdeb53da2a98b61ca0850ad.docx
https://jmir.org/api/download?alt_name=publichealth_v12i1e89756_app2.docx&filename=6383f7741cdeb53da2a98b61ca0850ad.docx
https://jmir.org/api/download?alt_name=publichealth_v12i1e89756_app3.docx&filename=1a4545431a57118bd323c6a4a3673cea.docx
https://jmir.org/api/download?alt_name=publichealth_v12i1e89756_app3.docx&filename=1a4545431a57118bd323c6a4a3673cea.docx
https://jmir.org/api/download?alt_name=publichealth_v12i1e89756_app4.docx&filename=15c177e60d852c628fadb66d53ec762d.docx
https://jmir.org/api/download?alt_name=publichealth_v12i1e89756_app4.docx&filename=15c177e60d852c628fadb66d53ec762d.docx
https://jmir.org/api/download?alt_name=publichealth_v12i1e89756_app5.docx&filename=90a4e08c2018c267368140e42a2ef4dc.docx
https://jmir.org/api/download?alt_name=publichealth_v12i1e89756_app5.docx&filename=90a4e08c2018c267368140e42a2ef4dc.docx
https://jmir.org/api/download?alt_name=publichealth_v12i1e89756_app6.docx&filename=66a5f64c7af53196fb4c71b02e75c9c6.docx
https://jmir.org/api/download?alt_name=publichealth_v12i1e89756_app6.docx&filename=66a5f64c7af53196fb4c71b02e75c9c6.docx
https://jmir.org/api/download?alt_name=publichealth_v12i1e89756_app7.docx&filename=f8ceb50dd2d4b593c34db1ac96eb7a6b.docx
https://jmir.org/api/download?alt_name=publichealth_v12i1e89756_app7.docx&filename=f8ceb50dd2d4b593c34db1ac96eb7a6b.docx
http://www.w3.org/Style/XSL
http://www.renderx.com/


[DOCX File , 15 KB-Multimedia Appendix 8]

Multimedia Appendix 9
Associated factors of behavioral challenges in boys above 6 years using logistic regression analysis (n=5771).
[DOCX File , 15 KB-Multimedia Appendix 9]

Multimedia Appendix 10
Associated factors of behavioral challenges in girls above 6 years using logistic regression analysis (n=3447).
[DOCX File , 15 KB-Multimedia Appendix 10]

Multimedia Appendix 11
STROBE (Strengthening the Reporting of Observational Studies in Epidemiology): checklist of items that should be included in
reports of observational studies.
[DOC File , 74 KB-Multimedia Appendix 11]

References

1. Obesity and overweight. World Health Organization. URL: https://www.who.int/news-room/fact-sheets/detail/
obesity-and-overweight [accessed 2025-12-04]

2. Roth DE, Abrams SA, Aloia J, Bergeron G, Bourassa MW, Brown KH, et al. Global prevalence and disease burden of
vitamin D deficiency: a roadmap for action in low- and middle-income countries. Ann N Y Acad Sci. Oct 08,
2018;1430(1):44-79. [FREE Full text] [doi: 10.1111/nyas.13968] [Medline: 30225965]

3. Zhao S, Semeia L, Veit R, Moser J, Preissl H, Kullmann S. Structural and functional brain changes in children and adolescents
with obesity. Obes Rev. Dec 2025;26(12):e70001. [doi: 10.1111/obr.70001] [Medline: 40759532]

4. Bouillon R, Marcocci C, Carmeliet G, Bikle D, White JH, Dawson-Hughes B, et al. Skeletal and extraskeletal actions of
vitamin d: current evidence and outstanding questions. Endocr Rev. Aug 01, 2019;40(4):1109-1151. [FREE Full text] [doi:
10.1210/er.2018-00126] [Medline: 30321335]

5. Yau PL, Kang EH, Javier DC, Convit A. Preliminary evidence of cognitive and brain abnormalities in uncomplicated
adolescent obesity. Obesity (Silver Spring). Aug 2014;22(8):1865-1871. [FREE Full text] [doi: 10.1002/oby.20801]
[Medline: 24891029]

6. Tian P, Zhu X, Liu Z, Bian B, Jia F, Dou L, et al. Effects of vitamin D on brain function in preschool children with autism
spectrum disorder: a resting-state functional MRI study. BMC Psychiatry. Mar 03, 2025;25(1):198. [FREE Full text] [doi:
10.1186/s12888-025-06534-8] [Medline: 40033268]

7. Khoshbakht Y, Bidaki R, Salehi-Abargouei A. Vitamin D status and attention deficit hyperactivity disorder: a systematic
review and meta-analysis of observational studies. Adv Nutr. Jan 01, 2018;9(1):9-20. [FREE Full text] [doi:
10.1093/advances/nmx002] [Medline: 29438455]

8. Filgueiras MS, Rocha NP, Novaes JF, Bressan J. Vitamin D status, oxidative stress, and inflammation in children and
adolescents: A systematic review. Crit Rev Food Sci Nutr. 2020;60(4):660-669. [doi: 10.1080/10408398.2018.1546671]
[Medline: 30596263]

9. Eyles DW, Liu PY, Josh P, Cui X. Intracellular distribution of the vitamin D receptor in the brain: comparison with classic
target tissues and redistribution with development. Neuroscience. May 30, 2014;268:1-9. [doi:
10.1016/j.neuroscience.2014.02.042] [Medline: 24607320]

10. Mayne PE, Burne THJ. Vitamin D in synaptic plasticity, cognitive function, and neuropsychiatric illness. Trends Neurosci.
Apr 2019;42(4):293-306. [doi: 10.1016/j.tins.2019.01.003] [Medline: 30795846]

11. Ye X, Zhou Q, Ren P, Xiang W, Xiao L. The synaptic and circuit functions of vitamin d in neurodevelopment disorders.
Neuropsychiatr Dis Treat. 2023;19:1515-1530. [FREE Full text] [doi: 10.2147/NDT.S407731] [Medline: 37424961]

12. Wortsman J, Matsuoka LY, Chen TC, Lu Z, Holick MF. Decreased bioavailability of vitamin D in obesity. Am J Clin Nutr.
Sep 2000;72(3):690-693. [doi: 10.1093/ajcn/72.3.690] [Medline: 10966885]

13. World Medical Association. Declaration of Helsinki: Ethical principles for medical research involving human subjects.
Bull World Health Organ. 2001;79(4):373-374. [FREE Full text] [Medline: 11357217]

14. Munns CF, Shaw N, Kiely M, Specker BL, Thacher TD, Ozono K, et al. Global consensus recommendations on prevention
and management of nutritional rickets. Horm Res Paediatr. 2016;85(2):83-106. [FREE Full text] [doi: 10.1159/000443136]
[Medline: 26741135]

15. Wei M, Bian X, Squires J, Yao G, Wang X, Xie H, et al. [Studies of the norm and psychometrical properties of the ages
and stages questionnaires, third edition, with a Chinese national sample]. Zhonghua Er Ke Za Zhi. Dec 2015;53(12):913-918.
[Medline: 26887546]

JMIR Public Health Surveill 2026 | vol. 12 | e89756 | p. 10https://publichealth.jmir.org/2026/1/e89756
(page number not for citation purposes)

Shen et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

https://jmir.org/api/download?alt_name=publichealth_v12i1e89756_app8.docx&filename=4532ca3f13b586d8c4522f9bda457ee3.docx
https://jmir.org/api/download?alt_name=publichealth_v12i1e89756_app8.docx&filename=4532ca3f13b586d8c4522f9bda457ee3.docx
https://jmir.org/api/download?alt_name=publichealth_v12i1e89756_app9.docx&filename=0667ac5317171b9eff1849a80b349dcd.docx
https://jmir.org/api/download?alt_name=publichealth_v12i1e89756_app9.docx&filename=0667ac5317171b9eff1849a80b349dcd.docx
https://jmir.org/api/download?alt_name=publichealth_v12i1e89756_app10.docx&filename=100c233e900d8c02225123bc5e7338f9.docx
https://jmir.org/api/download?alt_name=publichealth_v12i1e89756_app10.docx&filename=100c233e900d8c02225123bc5e7338f9.docx
https://jmir.org/api/download?alt_name=publichealth_v12i1e89756_app11.doc&filename=6084fedabf8545f124c94b206f88708e.doc
https://jmir.org/api/download?alt_name=publichealth_v12i1e89756_app11.doc&filename=6084fedabf8545f124c94b206f88708e.doc
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://europepmc.org/abstract/MED/30225965
http://dx.doi.org/10.1111/nyas.13968
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30225965&dopt=Abstract
http://dx.doi.org/10.1111/obr.70001
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=40759532&dopt=Abstract
http://europepmc.org/abstract/MED/30321335
http://dx.doi.org/10.1210/er.2018-00126
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30321335&dopt=Abstract
https://europepmc.org/abstract/MED/24891029
http://dx.doi.org/10.1002/oby.20801
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24891029&dopt=Abstract
https://bmcpsychiatry.biomedcentral.com/articles/10.1186/s12888-025-06534-8
http://dx.doi.org/10.1186/s12888-025-06534-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=40033268&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S2161-8313(22)00829-8
http://dx.doi.org/10.1093/advances/nmx002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29438455&dopt=Abstract
http://dx.doi.org/10.1080/10408398.2018.1546671
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30596263&dopt=Abstract
http://dx.doi.org/10.1016/j.neuroscience.2014.02.042
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24607320&dopt=Abstract
http://dx.doi.org/10.1016/j.tins.2019.01.003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30795846&dopt=Abstract
https://www.tandfonline.com/doi/10.2147/NDT.S407731?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.2147/NDT.S407731
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37424961&dopt=Abstract
http://dx.doi.org/10.1093/ajcn/72.3.690
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10966885&dopt=Abstract
https://europepmc.org/abstract/MED/11357217
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11357217&dopt=Abstract
https://doi.org/10.5167/uzh-133998
http://dx.doi.org/10.1159/000443136
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26741135&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26887546&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


16. Conners CK, Sitarenios G, Parker JDA, Epstein JN. The revised Conners' Parent Rating Scale (CPRS-R): factor structure,
reliability, and criterion validity. J Abnorm Child Psychol. Aug 1998;26(4):257-268. [doi: 10.1023/a:1022602400621]
[Medline: 9700518]

17. Fan J, Du Y, Wang L. The norm and reliability of the Conners Parent Symptom Questionnaire in Chinese urban children.
Shanghai Arch Psychiatry. 2005;17(6):321-323. [doi: 10.3969/j.issn.1002-0829.2005.06.001]

18. WHO Multicentre Growth Reference Study Group. WHO Child Growth Standards based on length/height, weight and age.
Acta Paediatr Suppl. Apr 02, 2006;450(S450):76-85. [doi: 10.1111/j.1651-2227.2006.tb02378.x] [Medline: 16817681]

19. Zhu Z, Zhan J, Shao J, Chen W, Chen L, Li W, et al. High prevalence of vitamin D deficiency among children aged 1
month to 16 years in Hangzhou, China. BMC Public Health. Mar 14, 2012;12:126. [FREE Full text] [doi:
10.1186/1471-2458-12-126] [Medline: 22330045]

20. Editorial Board of Chinese Journal of Pediatrics, Subspecialty Group of Child Health Care‚ Chinese Pediatric Society‚
Chinese Medical Association, Cooperation Group of PreventionTreatment of Rickets of Vitamin D Deficiency in Childhood.
Recommendation for prevention and treatment of rickets of vitamin D deficiency in childhood. Zhonghua Er Ke Za Zhi.
Mar 2008;46(3):190-191. [Medline: 19099706]

21. Subspecialty Group of Children Health‚ the Society of Pediatrics‚ Chinese Medical Association, Editorial Board‚ Chinese
Journal of Pediatrics. Practical guidelines for clinical issues related to vitamin D nutrition in Chinese children. Zhonghua
Er Ke Za Zhi. May 02, 2022;60(5):387-394. [doi: 10.3760/cma.j.cn112140-20211230-01092] [Medline: 35488630]

22. Yu C, Cai J, Wang C, Luo Y, Fang J. Knowledge, attitude, and practice toward pediatric vitamin D deficiency among
parents. Front Pediatr. 2024;12:1393488. [FREE Full text] [doi: 10.3389/fped.2024.1393488] [Medline: 39005508]

23. Herrick KA, Storandt RJ, Afful J, Pfeiffer CM, Schleicher RL, Gahche JJ, et al. Vitamin D status in the United States,
2011-2014. Am J Clin Nutr. Jul 01, 2019;110(1):150-157. [FREE Full text] [doi: 10.1093/ajcn/nqz037] [Medline: 31076739]

24. Li B, Xu Y, Zhang X, Zhang L, Wu Y, Wang X, et al. The effect of vitamin D supplementation in treatment of children
with autism spectrum disorder: a systematic review and meta-analysis of randomized controlled trials. Nutr Neurosci. Apr
2022;25(4):835-845. [FREE Full text] [doi: 10.1080/1028415X.2020.1815332] [Medline: 32893747]

25. Bener A, Kamal M. Predict attention deficit hyperactivity disorder? Evidence -based medicine. Glob J Health Sci. Nov 27,
2013;6(2):47-57. [FREE Full text] [doi: 10.5539/gjhs.v6n2p47] [Medline: 24576365]

26. De Marzio M, Lasky-Su J, Chu SH, Prince N, Litonjua AA, Weiss ST, et al. The metabolic role of vitamin D in children's
neurodevelopment: a network study. Sci Rep. Jul 23, 2024;14(1):16929. [FREE Full text] [doi: 10.1038/s41598-024-67835-8]
[Medline: 39043876]

27. Sailike B, Onzhanova Z, Akbay B, Tokay T, Molnár F. Vitamin D in central nervous system: implications for neurological
disorders. Int J Mol Sci. Jul 17, 2024;25(14). [FREE Full text] [doi: 10.3390/ijms25147809] [Medline: 39063051]

28. Eyles DW. Vitamin D: Brain and Behavior. JBMR Plus. Jan 2021;5(1):e10419. [FREE Full text] [doi: 10.1002/jbm4.10419]
[Medline: 33553986]

29. Kiraly SJ, Kiraly MA, Hawe RD, Makhani N. Vitamin D as a neuroactive substance: review. Sci World J. Jan 26,
2006;6:125-139. [FREE Full text] [doi: 10.1100/tsw.2006.25] [Medline: 16493517]

30. Pérez-López FR. Vitamin D: the secosteroid hormone and human reproduction. Gynecol Endocrinol. Jan 2007;23(1):13-24.
[FREE Full text] [doi: 10.1080/09513590601045629] [Medline: 17484507]

Abbreviations
25(OH)D: 25-hydroxyvitamin D
ADHD: attention-deficit/hyperactivity disorder
ASD: autism spectrum disorder
ASQ-3: Ages and Stages Questionnaire, Third Edition
CPRS: Conners Parent Rating Scale
OR: odds ratio
WHO: World Health Organization

Edited by F Pabon-Rodriguez; submitted 20.Dec.2025; peer-reviewed by L Xiao, K Ye, S Shao; comments to author 21.Jan.2026;
revised version received 01.Feb.2026; accepted 03.Feb.2026; published 27.Feb.2026

Please cite as:
Shen Y, Gao M, Guan L, Sun L, Xu Y, Daniel B, Zhang K, Bai G
Association of Vitamin D and Weight Status With Neurodevelopmental Outcomes in a Large Pediatric Population: Cross-Sectional
Study
JMIR Public Health Surveill 2026;12:e89756
URL: https://publichealth.jmir.org/2026/1/e89756
doi: 10.2196/89756
PMID:

JMIR Public Health Surveill 2026 | vol. 12 | e89756 | p. 11https://publichealth.jmir.org/2026/1/e89756
(page number not for citation purposes)

Shen et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://dx.doi.org/10.1023/a:1022602400621
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9700518&dopt=Abstract
http://dx.doi.org/10.3969/j.issn.1002-0829.2005.06.001
http://dx.doi.org/10.1111/j.1651-2227.2006.tb02378.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16817681&dopt=Abstract
https://bmcpublichealth.biomedcentral.com/articles/10.1186/1471-2458-12-126
http://dx.doi.org/10.1186/1471-2458-12-126
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22330045&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19099706&dopt=Abstract
http://dx.doi.org/10.3760/cma.j.cn112140-20211230-01092
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35488630&dopt=Abstract
https://doi.org/10.3389/fped.2024.1393488
http://dx.doi.org/10.3389/fped.2024.1393488
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=39005508&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0002-9165(22)01161-3
http://dx.doi.org/10.1093/ajcn/nqz037
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31076739&dopt=Abstract
https://www.tandfonline.com/doi/10.1080/1028415X.2020.1815332?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1080/1028415X.2020.1815332
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32893747&dopt=Abstract
https://europepmc.org/abstract/MED/24576365
http://dx.doi.org/10.5539/gjhs.v6n2p47
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24576365&dopt=Abstract
https://doi.org/10.1038/s41598-024-67835-8
http://dx.doi.org/10.1038/s41598-024-67835-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=39043876&dopt=Abstract
https://www.mdpi.com/resolver?pii=ijms25147809
http://dx.doi.org/10.3390/ijms25147809
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=39063051&dopt=Abstract
https://europepmc.org/abstract/MED/33553986
http://dx.doi.org/10.1002/jbm4.10419
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33553986&dopt=Abstract
https://europepmc.org/abstract/MED/16493517
http://dx.doi.org/10.1100/tsw.2006.25
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16493517&dopt=Abstract
https://www.tandfonline.com/doi/10.1080/09513590601045629?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1080/09513590601045629
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17484507&dopt=Abstract
https://publichealth.jmir.org/2026/1/e89756
http://dx.doi.org/10.2196/89756
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


©Ying Shen, Meiying Gao, Lejing Guan, Lidan Sun, Yanfen Xu, Bethel Daniel, Kyla Zhang, Guannan Bai. Originally published
in JMIR Public Health and Surveillance (https://publichealth.jmir.org), 27.Feb.2026. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work, first published in JMIR Public Health
and Surveillance, is properly cited. The complete bibliographic information, a link to the original publication on
https://publichealth.jmir.org, as well as this copyright and license information must be included.

JMIR Public Health Surveill 2026 | vol. 12 | e89756 | p. 12https://publichealth.jmir.org/2026/1/e89756
(page number not for citation purposes)

Shen et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/

