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children and adolescents aged 6 to 19 years

The mediating role of body mass index
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Abstract

Emerging evidence suggests vitamin D deficiency might be linked to increased headache risk, though consistent conclusios
are lacking due to population and methodological heterogeneity. In addition, childhood and adolescent obesity may influence
headache development through metabolic and inflammatory pathways, but the specific role of body mass index (BMI) in the
relationship between vitamin D and headache is currently unclear. Therefore, this study used National Health and Nutrition
Examination Survey (NHANES) large-scale population-based data to investigate the association between vitamin D levels and
headache risk in children and adolescents aged 6 to 19 years and to analyze the possible mediating effect of BMI on this
relationship. The aim of this study was to explore the complex association between vitamin D levels and headache. We analyzed
2 cycles of the NHANES dataset, which included a total of 7066 children and adolescents aged 6 to 19 years. Multivariate linear
regression models, subgroup analyses and smoothed curve fitting were used to investigate the associations between vitamin D
levels and headache, and the potential mediating role of BMI was explored. The results of the present study revealed a evident
negative correlation between vitamin D levels and headache risk in children and adolescents, a finding that was further supported
by smoothed curve fitting. Notably, this negative correlation was stronger in the female and adolescent groups. The results of the
mediation analysis revealed that BMI had a evident mediating effect, with a mediation ratio of 20.94%. This study found that lower
vitamin D levels were associated with a higher likelihood of headache in children and adolescents, and that BMI may play a partial
mediating role. This finding provides new strategies for the prevention and treatment of headache in children and adolescents.
More prospective studies are necessary to further validate this association and its underlying mechanisms.

Abbreviations: BM| = body mass index, Cl = confidence interval, CRP = C-reactive protein, HDL = high-density lipoprotein,
NCHS = National Center for Health Statistics, NHANES = National Health and Nutrition Examination Survey, OR = odds ratio, PIR

= poverty income ratio, TC = total cholesterol, TNF-a = tumor necrosis factor-a, WBC = white blood cell count.
Keywords: BMI, cross-sectional studies, headache, mediation analyses, vitamin D

1. Introduction

Headache is a common and significantly debilitating health
issue among children and adolescents. Globally, up to 60%
of children and adolescents suffer from severe headaches,
with 7.7% to 9.1% of adolescents experiencing migraines.!"?!
Frequent headaches or migraines not only impair daily func-
tioning and academic performance but also markedly reduce
quality of life and social interaction capabilities,** making
them a pressing public health concern. In recent years, the role
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of vitamin D in nonskeletal systems has garnered increasing
attention, with its potential functions in neurology, immune
regulation, and inflammation control being particularly note-
worthy.>¢1 Among neurological disorders, the association
between vitamin D and headaches warrants special explora-
tion. Some studies suggest that low vitamin D levels may be
associated with an increased risk of headaches,” and vitamin
D supplementation may help alleviate headache symptoms.!®!
However, randomized controlled trials have also indicated
that vitamin D supplementation does not significantly reduce
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NHANES 2001-2004
N=21161

Excluded age < 6years and > 19years N=14095

N=7066

Missing date on headache or migraines N=3

| N=7063 |

Missing date on serum vitamin D N=1003

| N=6060 |

Missing date on BMI N=75

| N=5985 |

Missing date on demographics N=906

| N=5079 |

Figure 1. Flow chart of participant selection, NHANES 2001-2004. BMI = body mass index, NHANES = National Health and Nutrition Examination Survey.

headache incidence or severity.!'” Consequently, the associa-
tion between vitamin D and headaches in children and ado-
lescents remains controversial, and its potential mechanisms
are unclear.

Serum 25-hydroxyvitamin D, the primary biomarker for
vitamin D status, is a fat-soluble vitamin obtained through
sunlight exposure, dietary sources, and supplementation.!'!!
Despite these multiple sources, vitamin D deficiency remains
prevalent in the United States, particularly among children
and adolescents.['*19] Addressing this deficiency in child-
hood may help prevent adverse health outcomes later in
life. Vitamin D supplementation not only improves the fre-
quency and intensity of headaches but also reduces the use
of painkillers, preventive medications, and related side effect
medications. Especially in the pediatric age group, where the
use of medications is heavily burdened by ethical issues and
side effects, the possibility of using milder interventions such
as nutraceuticals like vitamin D could prove to be highly
advantageous.!'!

Moreover, childhood obesity has emerged as a global
health challenge,!'”!® with vitamin D deficiency exhibiting a
close association with obesity."2!! Multiple cross-sectional
and cohort studies indicate that childhood obesity correlates
with an increased risk of headaches, while weight reduction
contributes to the alleviation of headache symptoms.i2227!
Against this backdrop, BMI may serve as a potential medi-
ating factor in the relationship between vitamin D and
headaches.

Based on current evidence, we hypothesized that lower
vitamin D levels are associated with frequent or severe
headaches in children and adolescents, with BMI poten-
tially playing a role in this relationship. So, we used 2001 to
2004 nationally representative NHANES data and explored
the relationship between vitamin D and headache in chil-
dren and the potential mediating role of BMI via multivar-
iate linear regression and mediation analyses. Due to the
study’s cross-sectional design, causality couldn’t be con-
firmed. Future longitudinal and intervention studies are
needed to validate these associations and explore potential
mechanisms.

2. Materials and methods

2.1. Study population and data sources

The NHANES is a representative US national population
survey that uses complex, multistage, and probability sam-
pling methods to provide a wealth of information about the
nutritional and health status of the general US population.?*!
The Ethics Review Board of the National Center for Health
Statistics (NCHS) approved the study protocol. All survey
participants signed a written informed consent form. Please
visit  https://wwwn.cdc.gov/nchs/nhanes/analyticguidelines.
aspx for more information. This study utilized data from
the NHANES 2001-2004 Continuous Survey and initially
included a total of 21,161 participants. The study popula-
tion consisted of 7066 children and adolescents aged 6 to 19
years. The following participants were excluded from the data
analysis process: missing headache questionnaire information
(n = 3), missing vitamin D testing data (n =1003), missing
BMI data (n=75), or missing data on relevant covariates
(n =906). The final analysis included 5079 eligible partici-
pants, as shown in Figure 1.

Definition of headache: The primary outcome variable for
this study was defined as the respondent’s affirmative answer
to the following question on the NHANES questionnaire: “In
the past 12 months, have you or the respondent experienced
frequent or severe headaches, including migraines?” >

The serum vitamin D concentration was measured
via the DiaSorin RIA kit and converted to an equivalent
25-hydroxyvitamin D concentration via the regression method
via standardized liquid chromatography—tandem mass spec-
trometry.’” The same laboratory method (DiaSorin RIA) was
used for vitamin D measurement across both survey cycles
(2001-2004), and all values were standardized to LC-MS/MS
equivalents to ensure consistency.

Centers for Disease Control and Prevention/National Centre
for Health Statistics. Analytical notes for 25-hydroxyvitamin
D data analyses via NHANES III (1988-1994), NHANES
2001-2006, and NHANES 2007-2010 (October 2015;
https://wwwn.cdc.gov/nchs/nhanes/vitamind/analyticalnote.
aspx?b=2013&e=2014&d=VID_H).
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Correlation studies between vitamin D and headache in children and adolescents.

Model 1 Model 2 Model 3
OR (95% CI) Pvalue OR (95% Cl) Pvalue OR (95% Cl) P value
Per 1 nmol/L vitamin D increase 0.99 (0.99, 0.99) <.0001 0.99 (0.99, 1.00) .0073 0.99 (0.99, 1.00) .0123
Categories (vitamin D)
Q1 Ref. Ref. Ref.
Q2 0.77 (0.64, 0.93) .0060 0.92 (0.76, 1.13) .4262 0.94(0.76,1.14) 5158
Q3 0.65 (0.53, 0.79) <.0001 0.85(0.68, 1.06) .1568 0.86 (0.68, 1.07) .1806
04 0.56 (0.46, 0.69) <.0001 0.74 (0.58, 0.93) .0097 0.75(0.59, 0.95) .0185
Pfor trend 0.83(0.77,0.88) <.0001 0.91 (0.84, 0.98) .0095 0.91(0.84,0.98) .0169

Model 1: No covariates were adjusted.
Model 2: Age, sex, and race were adjusted.

Model 3: Age, sex, race, level of education, PIR, TC, HDL, bone alkaline phosphatase, CRP, WBC, neutrophil count, hemoglobin, asthma, attention deficit, survey season, and household smoking status were

adjusted.
Cl = confidence interval, CRP = C-reactive protein, HDL = high-density lipoprotein, OR = odds ratio, PIR

BMI is defined as BMI = weight (kg)/height (m)?.

2.2. Covariates

All covariates included in this study were selected a priori
based on established associations with headache, vitamin D
status, or BMI in the existing literature and clinical reasoning.
No variables were added or removed based on the outcomes
of the statistical models. Several potential confounding vari-
ables, including age, sex, race, education, poverty income ratio
(PIR), total cholesterol (TC), high-density lipoprotein (HDL),
C-reactive protein (CRP), bone alkaline phosphatase, hemoglo-
bin, white blood cell count (WBC), neutrophil count, asthma,
attention deficit, season of investigation, and presence of smok-
ers in the household, were considered on the basis of published
findings and clinical judgment. In logistic regression, age was
considered a continuous variable, whereas in describing partici-
pant characteristics and subgroup analyses, age was categorized
as 6 to 11 years and 12 to 19 years (defined as 6-11 years and
12 to 19 years for children and adolescents, respectively).?! In
the descriptive participant characteristics and mediation analy-
sis, BMI was treated as a continuous variable. The race catego-
ries included Mexican American, other Hispanic, non-Hispanic
White, non-Hispanic Black, and other races (including multira-
cial). Asthma and attention deficit were defined as an affirmative
response to the following question: “Have you ever been told
you have asthma/attention deficit?”3233 The presence of smok-
ers in the household was defined as an affirmative answer to
the question “Does anyone smoke in the home?” and a positive
answer to this question. Since season affects vitamin D levels, we
categorized testing time into 2 periods: November 1 to April 30
and May 1 to October 31.534

2.3. Statistical methods

This study was statistically analyzed via EmpowerStats software
(version 4.1, http://www.empowerstats.com) and R software
(version 3.4.3, http://www.R-project.org). Data for continuous
variables are expressed as weighted means (95% CI), whereas
categorical variables are expressed as percentages (95% CI). We
compared the baseline characteristics of the headache popula-
tion with those of the nonheadache population and assessed
differences between the 2 groups via weighted ¢ tests and chi-
square tests. In our analysis, serum vitamin D was treated as
a continuous variable for analysis. Participants were classified
into quartiles (Q1-Q4) according to the sample distribution
of vitamin D levels, without the application of clinical cutoff
values. To investigate the association between vitamin D and
headache, we developed 3 logistic regression models: model 1,

= poverty income ratio, TC = total cholesterol, WBC = white blood cell count.

not adjusted for any covariates; model 2, adjusted for age, sex,
and race; and model 3, adjusted for age, sex, race, level of edu-
cation, PIR, TC, HDL, bone alkaline phosphatase, CRP, WBC,
neutrophil count, hemoglobin, asthma, attention deficit, survey
season, and household smoking. In addition, we investigated the
relationship between vitamin D and headache in different sub-
groups via subgroup analyses and interaction tests. Finally, a sta-
tistical mediation effect model with BMI as a mediating variable
was developed via the bootstrapping method of the PROCESS
macro (5000 replicate samples, 95% confidence intervals) to
assess the indirect effect and mediation proportions of BMI in
the relationship between vitamin D and headache risk.

2.4. Ethics guidelines

The NCHS Ethics Review Board reviewed and approved this
study. Patients/participants provided written informed consent
to participate in this study.

3. Results

3.1. Baseline data for selected populations

The study included 5079 participants, of whom 1210 (23.8%)
reported headache. The headache group had a higher propor-
tion of females. Compared with those of nonheadache patients,
the age, BMI, neutrophil count and CRP values of headache
patients were evidently greater (P < .05), whereas the vitamin D
concentration, PIR value, hemoglobin and bone alkaline phos-
phatase level were evidently lower (P < .01), which may indicate
potential nutritional and metabolic differences in the headache
population (Table S1, Supplemental Digital Content, https://
links.lww.com/MD/R773).

3.2. Analysis of the association between vitamin D and
headaches

Table 1 shows the associations between vitamin D concentra-
tions and headache in children and adolescents.

We found that model 1 showed a 1% reduction in headache
risk for each 1-unit increase in vitamin Dj; this negative correla-
tion persisted in model 3,which fully adjusted for covariates,
representing a weak yet statistically significant trend. After the
vitamin D quartiles were grouped, participants in the highest
quartile (Q4) demonstrated a evident inverse association with
headache incidence in model 3 (Table 1). Linear regression anal-
ysis revealed a negative vitamin D-headache risk relationship,
consistently supported by subsequent smoothed curve fitting
(Fig. 2).
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Figure 2. Vitamin D and headache smoothing curve fit.
Table 2
Subgroup analysis.
Vitamin D OR (95% Cl) Pvalue P for interaction
Sex 9657
Male N = 2539 0.99 (0.99, 1.00) .0850
Female N = 2540 0.99 (0.99, 1.00) .0431
Age (yr) 6321
6-11 N=1170 0.99 (0.98, 1.00) .1582
12-19 N = 3909 1.00 (0.99, 1.00) .0274
Asthma (%) 5856
Yes N =842 0.99 (0.98,1.00) .1103
No N = 4237 1.00 (0.99, 1.00) .0412
Attention deficit (%) 4256
.5388
Yes N = 4692 0.94 (0.84, 1.05) .2820
No N =387 0.98 (0.96, 0.99) .0073
Race (%) .8308
Mexican American N = 1566 0.99 (0.98, 1.00) .0931
Other Hispanic N =194 0.99 (0.97,1.01) .1550
Non-Hispanic White N = 1443 1.00(0.99, 1.00) .3547
Non-Hispanic Black N=1678 0.99 (0.99, 1.00) .1860
Other races N =198 1.00(0.97,1.02) .6773

Cl = confidence interval, OR = odds ratio.

3.3. Subgroup analyses

Table 2 subgroup analyses showing the relationship between
vitamin D and headache in different populations. Specifically,
there were evident differences between vitamin D and head-
ache among female, adolescent (12-19 years old), no asthma,
no attention deficit, and Mexican American participants.

Interaction tests revealed that the interaction effects of sex,
age, asthma, attention deficit, and race on the relationship
between vitamin D and headache were not evident (P > .05),
suggesting that the negative association between vita-
min D and headache was stable across subgroups of the
population.
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3.4. Mediation analysis of BMI

We further investigated the potential mediating role of BMI
in the correlation between vitamin D and headache risk. We
found that higher vitamin D levels were associated with lower
BMI (f =-0.05, 95% CI = -0.06, -0.04, P < .0001). Moreover,
a higher BMI was associated with a greater risk of headache
(OR =1.02, 95% CI =1.01, 1.04, P =.0023). The results sug-
gest that BMI plays a partial mediating role. The P value for
the mediating effect was .0120, and the mediation ratio was
20.94% (Fig. 3).

4. Discussion

Based on NHANES data, this study reveals an inverse associ-
ation between vitamin D levels and headache risk in children
and adolescents, particularly among females and adolescents.
Although the effect size per unit increase in vitamin D was mod-
est (OR =0.99), it may hold public health relevance given the
large sample. Mediation analysis further indicated that BMI
partially explains this relationship, offering new insights into
the role of vitamin D in pediatric headache.

Many clinical studies have suggested that vitamin D deficiency
may increase the risk of headache in children.*”35371 According
to a retrospective analysis of Turkish children with headache,
69% had serum 25-hydroxyvitamin D levels < 50 nmol/L, sug-
gesting that children with headache had low vitamin D levels.®!
A cross-sectional study conducted in Norway confirmed that
headache patients had lower mean vitamin D levels than did
patients with other types of pain symptoms.??! In conclusion, a
number of current observational and interventional studies sup-
port the existence of a correlation between vitamin D deficiency
and headache in children. Our study also supports the conclu-
sion that low levels of vitamin D increase the risk of headache.
Unlike previous studies, we specifically examined children and
adolescents across broad developmental stages, enabling more
targeted treatment strategies that account for hormonal status
and maturation.

To better understand the negative association between vita-
min D and headache, the present study further analyzed the
possible physiological mechanisms. First, reduced vitamin D lev-
els correlate with elevated inflammatory markers such as CRP
and tumor necrosis factor-a (TNF-a), which are directly impli-
cated in headache pathogenesis through promoting neurogenic
inflammation and sensitization of nociceptive pathways.[“%#!l
In addition, studies have shown that vitamin D deficiency may
be associated with neurotransmitter imbalance, increased neu-
roinflammation and neuronal damage in the brain, all of which

www.md-journal.com

are closely related to the development of headache.*?! New
research indicates that vitamin D also regulates the synthesis
of 5-hydroxytryptamine, a key neurotransmitter that regulates
pain and mood.* In addition, vitamin D deficiency may lead
to psychiatric disorders such as major and minor depression,
schizophrenia, anxiety, and sleep disorders, further suggesting
that vitamin D deficiency may promote or exacerbate head-
ache through neurobiological and mental health pathways.[*%]
Headaches are more common in children and adolescents with
psychiatric disorders.*¢! Therefore, future studies should further
focus on the overall role of vitamin D in inflammatory, neuro-
logical function, and mental health in order to develop more
precise and comprehensive interventions.

Our subgroup analyses indicated a more robust association
between vitamin D levels and headache risk among females.
Several plausible biological mechanisms might underpin this
sex-specific finding: First, estrogen may reduce bioavailable vita-
min D by increasing vitamin D-binding protein concentrations,
thereby limiting free circulating vitamin D¥); second, females
generally exhibit higher rates of vitamin D deficiency attributable
to behaviors such as frequent sunscreen use, increased adiposity,
and physiological states like pregnancy; third, females may pos-
sess greater neurological sensitivity to low vitamin D levels and
exhibit enhanced pain perception pathways.*$! Furthermore, the
vitamin D-headache association was notably more pronounced
in adolescents compared to younger children. Adolescents tend to
engage more frequently in sedentary behaviors, such as prolonged
screen time, which limit outdoor sunlight exposure essential for
vitamin D synthesis.*! Additionally, rapid skeletal growth during
adolescence heightens the physiological demand for vitamin D due
to increased calcium utilization, potentially exacerbating relative
vitamin D deficiency. Therefore, targeted monitoring and interven-
tion strategies for vitamin D status should particularly prioritize
adolescent and female populations.

In addition, this study clarified that BMI mediated 20.9% of
the effect, partially explaining the relationship between vitamin
D and headaches, thereby further elucidating the complex inter-
play between metabolic and nutritional factors. Obesity may
reduce the bioavailability of vitamin D through adipose tissue
hyperplasia while causing chronic inflammation and increas-
ing headache risk.®’” Furthermore, elevated BMI exacerbates
chronic low-grade inflammation, heightening susceptibility to
headaches. This finding is in line with the findings of another
study that revealed a evidently increased risk of primary head-
ache in a group of children with a BMI > 25,7 further suggest-
ing a possible synergistic effect between obesity and vitamin D
deficiency.

mediation effect=-0.004829 %,

P <0.0001 9,
.ogj,A
proportion of mediation:20.94% o
s 95%C1,6.75% to 94.16% P=0.0120 00;;
% Q >
direct effect=-0.018224,P=0.0580
OR(95%CI),0.99(0.99,1.00),P=0.0123 headache

vitamin D

Total effect=-0.023052 P=0.0120

Figure 3. Mediation effect of BMI on the association between vitamin D and headache. Analysis of the effects of BMI on the associations between vitamin D
and headache incidence. Sex, race, education level, PIR, total cholesterol (TC), high-density lipoprotein (HDL), bone alkaline phosphatase, C-reactive protein
(CRP), white blood cell count (WBC), neutrophil count, hemoglobin, asthma, attention deficit, survey season, and household smoking status, were adjusted for.
BMI = body mass index, Cl = confidence interval, CRP = C-reactive protein, HDL = high-density lipoprotein, OR = odds ratio, PIR = poverty income ratio, TC =

total cholesterol, WBC = white blood cell count.
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This study provides emerging evidence for the extraskeletal
function of vitamin D but emphasizes the need to interpret the
results in a specific context. Although many studies have focused
on the potential clinical benefits of vitamin D supplementation
for headache, our study revealed that interventions combining
vitamin D supplementation with weight management may pro-
vide greater health benefits. Particularly in women and adoles-
cents with headache, weight management and routine vitamin
D screening may provide the basis for individualized treatment.

The present study has several limitations. First, owing to
the cross-sectional design of the study, no clear causality could
be derived. Second, using self-reported headache data from
NHANES may involve recall bias, which could affect the
accuracy of headache prevalence estimates. Furthermore, the
NHANES lacked detailed data on headache subtypes and sever-
ity and did not consider the possible effects of other micronu-
trients. Finally, although the analyses were adjusted for multiple
potential confounders, unknown or unmeasured confounders
may still exist (such as sunlight exposure or diet). Therefore,
future longitudinal studies and more in-depth nutrient analyses
are necessary.

5. Conclusion

This study found that lower vitamin D levels were associated
with higher headache prevalence, partly explained by BMI.
However, more prospective studies are necessary to further vali-
date this association and its underlying mechanisms.
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