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Background/objectives: Chronic spine-related pain is a leading driver of global
disability, yet the role of modifiable nutritional factors in relation to functional
impairment remains inadequately characterized. This study evaluated the asso-
ciations between dietary vitamin D exposure ranking, vitamin D supplementation,
and pain-related functional interference among adults in tertiary care settings.
Methods: A multi-center cross-sectional survey was conducted at four tertiary
hospitals in China, including 698 adults with spine-related pain persisting for at
least 3 months. Dietary vitamin D intake was operationalized as a standardized
ranking index derived from a semi-quantitative food frequency screener. Vitamin
D supplementation was categorized by current and regular use. The primary
outcome was the Brief Pain Inventory (BPI) interference mean score. Given the
observational cross-sectional design, analyses were interpreted as associations
rather than causal effects. Multivariable linear regression adjusted for confound-
ers including age, BMI, physical activity, sleep quality, depressive symptoms, and
sun exposure proxies.

Results: Higher dietary vitamin D index was significantly associated with lower
pain interference in the fully adjusted model (8 = —0.18 per 1 SD increase; 95%
Cl: =0.29 to —0.07; p = 0.002). Regular vitamin D supplementation was also
independently associated with reduced interference (f = —0.31; 95% CI: —0.52 to
—0.10; p = 0.004). Associations were stronger for functional interference than for
pain severity. Prespecified subgroup analyses revealed more pronounced dietary
associations among participants with BMI > 24 kg/m? (Dineraction = 0.041) and those
with low physical activity (Dineraction = 0.021).

Conclusion: Higher dietary vitamin D exposure ranking and regular supplemen-
tation were independently associated with lower functional interference in this
chronic spine pain population. Because the study was observational and cross-
sectional, the findings should be interpreted as hypothesis-generating asso-
ciations rather than evidence of therapeutic benefit, particularly in higher-risk
phenotypes.

01 frontiersin.org


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fnut.2026.1815557&domain=pdf&date_stamp=2026-05-07
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://doi.org/10.3389/fnut.2026.1815557
mailto:chentao2024123456@163.com
https://doi.org/10.3389/fnut.2026.1815557
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fnut.2026.1815557/full
https://www.frontiersin.org/articles/10.3389/fnut.2026.1815557/full
https://www.frontiersin.org/articles/10.3389/fnut.2026.1815557/full
https://www.frontiersin.org/articles/10.3389/fnut.2026.1815557/full
https://www.frontiersin.org/articles/10.3389/fnut.2026.1815557/full

Chen et al.

KEYWORDS

10.3389/fnut.2026.1815557

body mass index, chronic spine-related pain, dietary intake, dietary supplements, pain

interference, physical activity, vitamin D

1 Introduction

Chronic spine-related pain is a dominant driver of disability and
health service utilization, with low back pain consistently ranked as
the leading cause of years lived with disability worldwide (1-3). In
tertiary anesthesiology pain clinics and spine surgery pathways, the
clinical problem extends beyond pain intensity: many patients experi-
ence substantial impairment in daily activity, walking, work, sleep, and
enjoyment of life (4). This functional impact is strongly aligned with
how patients judge recovery and how clinicians decide on escalation
of care, including interventional procedures and pharmacologic strat-
egies. The persistence of high symptom burden despite standard care
has intensified interest in modifiable, scalable factors that may be asso-
ciated with pain-related disability in real-world spine and pain clinic
populations (5).

Vitamin D has emerged as one candidate factor because of its roles
in musculoskeletal biology, neuromuscular function, and immune
regulation (6). Vitamin D deficiency has been proposed as one factor
potentially linked to musculoskeletal pain phenotypes through mul-
tiple pathways, including impaired muscle performance, altered
inflammatory signaling, and downstream effects on fatigue, mood,
and sleep, all of which may be relevant to pain-related disability (7, 8).
At the same time, interpretation is complicated by nonrandom distri-
bution of vitamin D exposure and status. Sun exposure, physical activ-
ity, adiposity, depressive symptoms, and sleep disturbance are
intertwined with both vitamin D status and pain outcomes, creating
substantial confounding risk in observational research and heteroge-
neity across clinical cohorts (9, 10).

The observational literature linking vitamin D status with pain has
grown over the last decade, but conclusions remain mixed. A broad
systematic review and meta-analysis of observational studies reported
that lower circulating 25-hydroxyvitamin D concentrations were com-
monly associated with pain-related conditions, while also highlighting
substantial heterogeneity across study designs and pain phenotypes
(11). For low back pain specifically, systematic review evidence has
supported an association between lower vitamin D levels and low back
pain measures, but the magnitude and consistency of findings vary
and are sensitive to study setting, phenotype definition, and covariate
control (12). More recent work continues to report associations
between vitamin D deficiency and chronic musculoskeletal pain out-
comes, but also emphasizes inconsistency and the likelihood of resid-
ual confounding (13, 14). A practical limitation is that many prior
studies prioritize pain intensity and serum measures, whereas disabil-
ity-oriented outcomes and clinic-relevant patient-reported interfer-
ence measures are less often positioned as the primary endpoint (15).

Randomized trial evidence has not fully resolved the question. A
quantitative meta-analysis of randomized controlled trials evaluating
vitamin D supplementation for pain reported conflicting results across
conditions and trial designs, suggesting that any benefit may be
modest and context-dependent (15, 16). In chronic low back pain, a
recent meta-analysis focusing on randomized trials concluded that
efficacy remains debated, with limited overall benefit across included
studies. Trial heterogeneity is likely driven by differences in baseline
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deficiency status, achieved vitamin D repletion, dose and duration,
co-interventions, and the underlying pain phenotype (16). Such vari-
ability has encouraged a more targeted framing: rather than expecting
uniform analgesia, vitamin D may have stronger relevance for func-
tional interference in subgroups where neuromuscular performance,
sleep, and mood contribute meaningfully to disability (17).

Causal-inference approaches have also been applied. Mendelian
randomization studies and evidence syntheses have evaluated whether
genetically predicted vitamin D status relates to multiple health out-
comes, including pain-related conditions (17). A Mendelian random-
ization analysis focused on low back pain reported that genetically
higher serum 25-hydroxyvitamin D levels were associated with
reduced risk of low back pain in European ancestry datasets (18). Even
when such analyses suggest causality, translation to clinic decision-
making is not straightforward because Mendelian randomization
estimates reflect lifelong genetic differences, not short-term changes
from diet or supplementation in symptomatic patients, and may not
capture phenotype-specific pathways driving disability in tertiary care
cohorts (17).

Spine surgery and spinal deformity care add another layer of rel-
evance. Vitamin D deficiency has been discussed as a potentially
modifiable factor affecting spine surgery outcomes, including patient-
reported disability measures, fusion biology, and recovery trajectories
(19). A meta-analysis of elective spinal fusion studies reported worse
postoperative patient-reported outcomes in vitamin D deficient
patients, supporting the clinical plausibility of vitamin D as a factor
linked to functional status in spine populations (20). Narrative reviews
in spine surgery have similarly emphasized that low preoperative vita-
min D may predispose to worse outcomes, while acknowledging that
evidence remains incomplete and heterogeneous (19). Related reviews
have summarized associations between vitamin D deficiency and out-
comes after spinal surgery and have called for higher-quality studies
to clarify the role of screening and repletion strategies (21).
Collectively, this spine-focused literature reinforces that vitamin D is
clinically salient in tertiary spine settings, but it has not yet been evalu-
ated consistently using disability-oriented pain outcomes in multi-
center outpatient cohorts managed by anesthesiology pain services
and spine clinics.

A further gap concerns exposure definition. Serum 25-hydroxyvi-
tamin D is informative but not always available in routine clinic work-
flows and may vary with season, sun exposure, and acute behavior
changes (22, 23). Dietary intake and supplementation are actionable
targets for counseling and perioperative optimization, but intake mea-
surement faces real limitations due to heterogeneous fortification
practices and variable product composition (23, 24). For this reason,
an intake-ranking approach may be more defensible than attempting
precise IU per day estimation from short intake screeners in multi-
center settings (23).

Accordingly, the present multi-center cross-sectional study evalu-
ated associations between dietary vitamin D exposure ranking and vita-
min D supplementation with pain-related functional interference
among adults with chronic spine-related pain recruited from anesthesi-
ology pain clinics, spine surgery clinics, and rehabilitation clinics at four
tertiary hospitals. Pain interference was defined as the primary outcome

frontiersin.org


https://doi.org/10.3389/fnut.2026.1815557
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Chen et al.

using the Brief Pain Inventory interference score, with pain severity as
a secondary outcome (25). Based on biological plausibility and prior
heterogeneous evidence, we hypothesized that higher dietary vitamin D
exposure ranking and regular vitamin D supplementation would be
associated with lower pain interference after adjustment for prespecified
confounders including physical activity, sleep quality, depressive symp-
toms, sun exposure proxies, season, analgesic use, and pain characteris-
tics (26). We also prespecified exploratory effect modification by BMI
and physical activity because both factors influence vitamin D physiol-
ogy and may reflect distinct disability-driving pain phenotypes (24).
This study contributes multi-center, clinic-anchored evidence
linking modifiable vitamin D related exposures to a disability-oriented
pain endpoint in a population directly relevant to anesthesiology pain
management and spine care. By prioritizing pain interference, using
validated instruments for pain, sleep, mood, and activity, and opera-
tionalizing dietary intake as an intake-ranking index suited to hetero-
geneous fortification environments, the work provides a pragmatic
framework for risk stratification and hypothesis generation. If con-
firmed, the findings would support targeted prospective studies and
pragmatic trials testing whether vitamin D intake optimization, alone
or paired with rehabilitation and sleep-focused interventions, is asso-
ciated with improved pain-related functional outcomes in chronic
spine-related pain populations managed in tertiary centers.

2 Materials and methods
2.1 Study design and setting

A multi-center, cross-sectional questionnaire survey was conducted
to evaluate associations between dietary and supplemental vitamin D
exposure and pain-related functional interference among adults with
chronic spine-related pain. Data were collected at four tertiary hospitals
in China with established anesthesiology-led pain services and spine
surgery outpatient clinics, including at least one high-volume center
specializing in complex spinal deformity surgery. Participants were
recruited from outpatient visits in anesthesiology pain clinics, spine
surgery clinics, and rehabilitation clinics. Data were collected between
June 1, 2025 through September 12, 2025. Because the study used a
cross-sectional design, exposure and outcome data were collected at the
same survey time point, and temporal ordering could not be established.

2.2 Participants

Adults were eligible if they were aged 18 years or older and
reported spine-related pain (cervical, thoracic, or lumbar region) per-
sisting for at least 3 months. Participants were excluded if they
reported spine surgery within the preceding 3 months, cancer-related
pain, or inability to complete a self-administered questionnaire due to
severe cognitive impairment or other conditions precluding valid
survey completion. Screening was embedded at the beginning of the
questionnaire, and ineligible individuals exited the survey after receiv-
ing a standardized message.

2.3 Recruitment and survey administration

Consecutive sampling was used in each participating clinic to
reduce selection bias. Trained researchers approached potentially
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eligible patients during routine outpatient visits, provided standard-
ized study information, and invited participation. After electronic
consent, participants completed the questionnaire via Wenjuanxing
by scanning a QR code. The platform was configured to prevent sub-
mission with missing responses for key instrument items. No direct
identifiers such as name, national ID number, or phone number were
collected.

A brief pilot (cognitive debriefing) was conducted before full roll-
out with 30 patients sampled at two centers to confirm item compre-
hension, completion time, and missingness patterns. Minor layout
adjustments were made to improve clarity and reduce skip errors,
while preserving standard wording for validated instruments.

2.4 Measures
2.4.1 Primary outcome

Pain interference was assessed using the Brief Pain Inventory
Short Form (BPI-sf). Participants rated interference over the prior
week on 0 to 10 numeric rating scales for general activity, walking
ability, normal work, sleep, and enjoyment of life. The primary out-
come was the mean interference score (BPI interference mean), cal-
culated as the average of the five interference items, with higher scores
indicating greater functional interference. If one interference item was
missing, the mean was calculated from the remaining items. If two or
more interference items were missing, the mean was set to missing for
analysis.

2.4.2 Secondary pain outcomes

Pain severity was measured with BPI items rating worst, least,
average, and current pain over the prior week (0-10). A pain severity
mean was calculated as the average of the four severity items using the
same missingness rule as above. Spine pain characteristics included
primary pain region (cervical, thoracic, lumbar) and pain duration
category (3 to 6 months, 6 to 12 months, 1 to 3 years, more than
3 years). Self-reported clinician-diagnosed spine conditions were
recorded using a structured checklist including degenerative changes,
disc herniation, spinal stenosis, spinal deformity (including scoliosis
or kyphosis), and post-surgical spine pain outside the acute postop-
erative period.

2.4.3 Dietary vitamin D exposure

Dietary vitamin D exposure was assessed using a brief semi-quan-
titative food frequency screener focused on major vitamin
D-contributing foods over the prior 3 months. The screener captured
intake frequency and usual portion size for milk or fortified milk,
yogurt, cheese, fatty fish, eggs, fortified cereals or fortified beverages,
and cod liver oil or vitamin D-fortified fish oil. The screener was
designed as a pragmatic intake-ranking instrument for outpatient use
rather than a full dietary assessment tool intended to estimate precise
vitamin D intake in IU/day. This approach was selected because prod-
uct fortification and nutrient composition vary across brands and set-
tings, particularly in multi-center real-world clinical environments
(23, 24, 27-29).

The food groups and response structure were adapted from
standard semi-quantitative food frequency questionnaire princi-
ples used in nutritional epidemiology, but the specific brief
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screener used here was operationalized for this study as a focused
vitamin D exposure-ranking tool rather than as a previously fully
validated Chinese vitamin D questionnaire. Prior to rollout, cogni-
tive debriefing was conducted in 30 patients at two centers to
assess comprehension, completion burden, and response consis-
tency, and minor layout modifications were made to improve clar-
ity. Because formal criterion validation against serum
25-hydroxyvitamin D or a comprehensive dietary reference instru-
ment was not performed, the dietary index should be interpreted
as a relative ranking measure and not a direct surrogate for physi-
ological vitamin D status.

Frequency categories were converted to weekly equivalents (0, 0.5,
1.5, 3.5, and 7 times/week). Portion categories were mapped to pre-
specified serving-size midpoints appropriate for the study setting. For
each food group, a weekly intake index was calculated as frequency
equivalent multiplied by portion midpoint. The dietary vitamin D
index was then computed as the sum of food-group indices and stan-
dardized within the analytic sample to produce a continuous ranking
variable. This standardized index was intended to rank participants
from lower to higher probable vitamin D-related dietary exposure
rather than to quantify absolute intake. Dietary exposure was analyzed
as both a continuous standardized index and quantiles derived from

the observed sample distribution.
2.4.4 Vitamin D supplementation exposure

Supplement use was assessed with a structured module capturing
current use (yes or no), clinician recommendation or prescription
(yes, no, not sure), dose category (less than 400 IU, 400 to 800 IU, 800
to 2000 IU, more than 2000 IU, not sure), intake frequency category
(daily, 4 to 6 days per week, 1 to 3 days per week, less than weekly),
duration category (less than 6 months, 6 to 12 months, more than
12 months), and concurrent calcium supplementation (yes, no, not
sure). Primary supplement exposure variables included current use
(binary) and regular use (defined as daily or 4 to 6 days per week
among current users). Dose category and duration category were used
in secondary and sensitivity analyses. Because supplement dose, fre-
quency, and duration were self-reported over a 3-month recall period,
some recall error and exposure misclassification were possible.

2.4.5 Sleep quality

Sleep quality over the prior month was assessed using the
Pittsburgh Sleep Quality Index (PSQI) self-rated items. The PSQI
global score was calculated using the standard seven-component algo-
rithm, yielding a total score ranging from 0 to 21, with higher scores
indicating worse sleep. Poor sleep was defined using a conventional
threshold of PSQI greater than 5 for secondary analyses.

2.4.6 Physical activity

Physical activity was assessed using the International Physical
Activity Questionnaire short form (IPAQ-SF) over the prior 7 days.
Weekly metabolic equivalent minutes were calculated using standard
coefficients (walking 3.3 METs, moderate activity 4.0 METSs, vigorous
activity 8.0 METs). A categorical activity level variable (low, moderate,
high) was derived using standard IPAQ classification rules. Sitting
time on weekdays (minutes per day) was recorded and used descrip-
tively and in sensitivity analyses.
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2.4.7 Depressive symptoms

Depressive symptoms were assessed using the Patient Health
Questionnaire-9 (PHQ-9) over the prior 2 weeks. The PHQ-9 total
score was computed as the sum of nine items (range 0 to 27).
Severity categories were defined using standard cut points, and
clinically relevant depressive symptom burden was operationalized
as PHQ-9 score of 10 or higher for secondary analyses. The PHQ-9
functional difficulty item was captured to characterize impairment.

2.4.8 Sun exposure proxy and season

Vitamin D relevant sun exposure was approximated using self-
reported average daily outdoor time category and regular sunscreen
use (yes or no). Season at survey completion (spring, summer,
autumn, winter) was recorded for confounding control.

2.4.9 Analgesic use and health covariates

Analgesic exposure over the prior 7 days was recorded using a
medication checklist including NSAIDs, acetaminophen, opioids,
muscle relaxants, antidepressants used for pain, anticonvulsants used for
pain, topical analgesics, and other agents with free-text specification.
Use pattern was captured as mostly scheduled, mostly as-needed, both,
or not applicable. Additional covariates included age, sex, height and
weight (used to compute body mass index), education level, smoking
status, alcohol use frequency, and comorbidity checklist including osteo-
porosis, diabetes, chronic kidney disease, chronic liver disease, thyroid
or parathyroid disease, and clinician-diagnosed depression or anxiety.

2.5 Data management and quality control

Data were collected directly into Wenjuanxing and exported to a
secure, access-controlled database for analysis. Automated range
checks were applied during data entry for numeric fields (age, height,
weight, time-to-sleep, sleep duration, activity minutes). A data dic-
tionary with standardized variable names and coding was used across
centers. Prior to analysis, data cleaning included checks for out-of-
range values, inconsistent responses, and duplicate submissions.

2.6 Sample size

The primary analysis used multivariable linear regression with
BPI interference mean as a continuous outcome. A target total sample
of approximately 600 to 800 participants across centers was planned
to provide adequate precision for small effect sizes after adjustment
for key confounders and center indicators, while supporting prespeci-
fied subgroup and sensitivity analyses. Recruitment targets were set to
promote representation across participating sites and clinic types.

2.7 Statistical analysis

Participant characteristics were summarized using mean and
standard deviation or median and interquartile range for continuous
variables and counts with percentages for categorical variables.
Dietary vitamin D index and supplement exposure distributions were
summarized overall and by site.

The primary association between vitamin D exposure and pain
interference was evaluated using multivariable linear regression.
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Main exposure models included (1) dietary vitamin D index (stan-
dardized continuous and quantiles) and (2) supplement use variables
(current use and regular use). Center was modeled using fixed indi-
cators, and clinic type was included to account for differences in
referral patterns and case mix. Core confounders selected a priori
included age, sex, body mass index, education, physical activity,
depressive symptoms, sleep quality, sun exposure proxy variables,
season, smoking, alcohol use, pain region, and pain duration cate-
gory. Collinearity was assessed using variance inflation factors, and
model diagnostics included residual checks and influence
assessment.

Effect modification analyses examined interaction terms for body
mass index category, physical activity level, and depressive symptom
burden, based on biological plausibility and clinical relevance. Sensitivity
analyses included excluding participants reporting chronic kidney dis-
ease or chronic liver disease, excluding participants reporting post-
surgical spine pain, and repeating models with alternate exposure
operationalization (dietary index only, supplement use only, combined
models). Missing data were handled using complete-case analysis for
primary models. Multiple imputation by chained equations had been
prespecified as a sensitivity approach if missingness for any key covariate
exceeded 5%. Statistical significance was assessed using two-sided tests
with an alpha of 0.05. Analyses were conducted using a standard statisti-
cal software environment with reproducible scripts. To examine whether
the high prevalence of analgesic use materially influenced the primary
association estimates, an additional sensitivity analysis further adjusted
the fully adjusted interference model for major analgesic classes, includ-
ing NSAIDs, acetaminophen, opioids, muscle relaxants, antidepressants
used for pain, anticonvulsants used for pain, and topical analgesics.

2.8 Ethics and consent

Ethics approval was obtained from the Ethics Committee of The
Third People’s Hospital of Chengdu (Approval number SY2432).
Electronic informed consent was obtained from all participants before
any questionnaire items were presented.

3 Results

Across four participating centers, 842 outpatients were approached
during routine visits. Of 801 who accessed the survey and provided
electronic consent, 76 were screened out because spine-related pain
duration was under 3 months (n = 49) or spine surgery had occurred
within the prior 3 months (n = 27). Among 725 eligible respondents,
27 submitted surveys missing primary outcome items for pain inter-
ference or missing key exposure items required to compute the dietary
index. The final analytic sample included 698 participants. (Figure 1).

Item-level missingness was low for core instrument items because
Wenjuanxing settings required completion for key scale questions.
Because missingness for all key covariates remained below the pre-
specified 5% threshold, multiple imputation was not triggered, and
complete-case analysis was retained as the primary approach.
Covariate missingness ranged from 0.0 to 3.7%, highest for weight and
weekday sitting time. Internal consistency in the analytic sample was
high for BPI interference (Cronbach a =0.90) and BPI severity
(Cronbach a = 0.88), adequate for PSQI global scoring components
(Cronbach a = 0.79), and high for PHQ-9 (Cronbach a = 0.86).
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FIGURE 1

Participant flow diagram. Of 842 outpatients approached across four
tertiary centers, 801 accessed the survey and provided electronic
consent. Seventy-six were screened out because spine-related pain
duration was under 3 months (n = 49) or spine surgery occurred
within the prior 3 months (n = 27). Among 725 eligible respondents,
27 were excluded due to missing primary outcome items or missing
key exposure items, leaving 698 participants in the primary analytic
sample used for regression analyses of BPI pain interference and
secondary pain severity outcomes.

3.1 Baseline characteristics

Table 1 summarizes participant characteristics. Mean age was
47.8 years (SD 13.2) and 58.2% were female. Mean BMI was 24.7 kg/
m? (SD 3.8). Lumbar pain was the most common primary region
(62.2%), followed by cervical (25.5%) and thoracic (12.3%). Pain dura-
tion exceeded 3 years in 41.1, and 33.4% reported pain for 1 to 3 years.
Degenerative spine disease was the most frequently self-reported clini-
cian diagnosis (54.9%), followed by disc herniation (36.7%), spinal
stenosis (21.2%), post-surgical spine pain outside the acute period
(18.2%), and spinal deformity including scoliosis or kyphosis (14.3%).

Pain burden was substantial. Mean BPI interference score was 5.6
(SD 2.1) and mean BPI severity score was 5.9 (SD 1.8). Sleep distur-
bance was common, with mean PSQI total 9.2 (SD 4.1) and 72.3%
meeting the poor sleep threshold (PSQI > 5). Median PHQ-9 was 8
(IQR 4 to 12), and 34.4% had PHQ-9 > 10. Current vitamin D supple-
ment use was reported by 38.1% and regular use by 24.2%. Because
recruitment occurred between June and September 2025, the mea-
sured dietary and behavioral exposure profile might reflect summer-
to-early-autumn patterns and might not represent year-round average
vitamin D-related exposure.

3.2 Dietary vitamin D index distribution and
crude gradients in pain interference

The dietary vitamin D index, constructed as a semi-quantita-
tive intake ranking measure and standardized in the analytic
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TABLE 1 Baseline characteristics of the analytic sample (N = 698).

TABLE 1 (Continued)

10.3389/fnut.2026.1815557

Interference with sleep 6.0+26
Interference with enjoyment of life 50+25
PSQI total score (0-21) 92+4.1

Poor sleep (PSQI > 5)

505 (72.3%)

PHQ-9 total score (0-27)

8 (410 12)

PHQ-9 > 10

240 (34.4%)

Overall
Site
Center A 210 (30.1%)
Center B 176 (25.2%)
Center C 162 (23.2%)
Center D 150 (21.5%)
Clinic type

Physical activity (IPAQ category)

Anesthesiology pain clinic

322 (46.1%)

Spine surgery clinic

281 (40.3%)

Rehabilitation clinic

79 (11.3%)

Low 284 (40.7%)
Moderate 296 (42.4%)
High 118 (16.9%)

IPAQ total MET-min/week

1,380 (660 to 2,460)

Sitting time, min/day (weekday)

420 (300 to 540)

Sun exposure and season

Outdoor time < 15 min/day

148 (21.2%)

Outdoor time 15-30 min/day

214 (30.7%)

Other 16 (2.3%)
Age, years 47.8 +13.2
Female 406 (58.2%)
Education

Primary or below 78 (11.2%)
Secondary 232 (33.2%)

Outdoor time 30-60 min/day

220 (31.5%)

College or university

328 (47.0%)

Outdoor time > 60 min/day

116 (16.6%)

Regular sunscreen use

318 (45.6%)

Postgraduate 60 (8.6%)
Height, cm 165.2 £8.7
Weight, kg 67.3+124
BMI, kg/m? 247 +3.8

Primary pain region

Spring 162 (23.2%)
Summer 186 (26.6%)
Autumn 176 (25.2%)
Winter 174 (24.9%)

Vitamin D supplementation

Current vitamin D supplement use

266 (38.1%)

Cervical 178 (25.5%)
Thoracic 86 (12.3%)
Lumbar 434 (62.2%)

Regular use (daily or 4 to 6 days/week)

169 (24.2%)

Pain duration

Calcium co-supplementation

214 (30.7%)

3 to 6 months

66 (9.5%)

Analgesic use in past 7 days

6 to 12 months

112 (16.0%)

Any analgesic use

602 (86.2%)

1 to 3 years

233 (33.4%)

More than 3 years

287 (41.1%)

Self-reported clinician diagnosis

NSAIDs 418 (59.9%)
Acetaminophen 96 (13.8%)
Opioids 102 (14.6%)

Muscle relaxants

141 (20.2%)

Degenerative changes

383 (54.9%)

Antidepressants for pain

76 (10.9%)

Disc herniation

256 (36.7%)

Anticonvulsants for pain

88 (12.6%)

Spinal stenosis

148 (21.2%)

Topical analgesics

204 (29.2%)

Spinal deformity (scoliosis or kyphosis)

100 (14.3%)

Mostly scheduled use pattern

248 (35.5%)

Post-surgical spine pain (non-acute)

127 (18.2%)

Lifestyle and comorbidities

Not sure

141 (20.2%)

Current smoking

142 (20.3%)

BPI pain severity mean (0-10) 59+1.8 Alcohol use > 1 day/week 184 (26.4%)
Worst pain (0-10) 72+1.7 Osteoporosis 92 (13.2%)
Average pain (0-10) 58+19 Diabetes 68 (9.7%)
BPI pain interference mean (0-10) 56+2.1 Chronic kidney disease 18 (2.6%)
Interference with activity 59+24 Chronic liver disease 16 (2.3%)
Interference with walking 55+26 Thyroid or parathyroid disease 44 (6.3%)
Interference with work 57+25 Diagnosed depression or anxiety 98 (14.0%)

(Continued) Values are mean + SD, median (IQR), or n (%).
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sample, showed an approximately symmetric distribution (mean
0.00, SD 1.00). Participants in higher dietary index quartiles were
modestly older and less likely to report higher depressive symptom
burden. Current supplement use was more frequent in higher
dietary quartiles. Mean BPI interference declined across dietary
index quartiles from 5.9 (SD 2.0) in Quartile 1 to 5.2 (SD 2.1) in
Quartile 4 (p =0.002), consistent with a graded relationship
(Table 2).

3.3 Primary analysis: dietary vitamin D index
and pain interference

In unadjusted linear regression, each 1 SD higher dietary vitamin
D index was associated with 0.32 points lower BPI interference
(f=-0.32; 95% CI -0.43 to —0.21; p <0.001). The association
remained after partial adjustment for center, clinic type, age, sex, BMI,
and education (f = —0.27; 95% CI -0.38 to —0.16; p < 0.001). In the
fully adjusted model incorporating physical activity, depressive symp-
toms, sleep quality, sun exposure proxies, season, smoking, alcohol
use, pain region, pain duration, and analgesic use pattern, the estimate
attenuated but remained statistically significant (8 =—0.18; 95%
CI -0.29 to —0.07; p = 0.002). The fully adjusted model explained a
substantial proportion of outcome variance (R* = 0.42), while the
dietary index contributed a small but measurable independent asso-
ciation (Figures 2, 3).

3.4 Supplementation analysis and mutual
adjustment with dietary index

Vitamin D supplementation showed similar directionality. In fully
adjusted models, current supplement use was associated with lower
pain interference (f=—0.22; 95% CI -0.40 to —0.04; p = 0.017).
Regular supplement use had a larger association (=—0.31; 95%
CI-0.52 to —0.10; p = 0.004).

TABLE 2 Characteristics by quartile of the dietary vitamin D index (N = 698).

10.3389/fnut.2026.1815557

When dietary index and regular supplement use were modeled
simultaneously with full adjustment, both remained independently
associated with lower interference (dietary index # = —0.16; 95%
CI -0.27 to —0.05; p = 0.005; regular supplement f = —0.28; 95%
CI -0.49 to —0.07; p = 0.009), indicating that diet-related intake
ranking and regular supplementation were not fully redundant
exposures.

3.5 Secondary outcome: pain severity

Associations with BPI severity were directionally consistent but
smaller. In fully adjusted models, the dietary index was associated
with lower pain severity (= —0.12; 95% CI -0.21 to —0.03; p = 0.010).
Regular supplement use was also associated with lower severity
(B =-0.19; 95% CI -0.36 to —0.02; p = 0.029). The magnitude differ-
ence between interference and severity outcomes was consistent with
the study focus on functional impact.

The full regression results for interference and severity are shown
in Table 3.

3.6 Prespecified effect modification and
subgroup analyses

Prespecified interaction analyses indicated heterogeneity in the
dietary index association with pain interference by BMI category and
physical activity. Among participants with BMI > 24 kg/m?, the fully
adjusted association was stronger ( = —0.24; 95% CI -0.39 to —0.09)
than among those with BMI < 24 kg/m? (p = —0.12; 95% CI -0.26 to
0.02), with interaction p = 0.041. Among participants classified as low
activity, the association was f# = —0.25 (95% CI -0.41 to —0.09), com-
pared with = —0.10 (95% CI -0.23 to 0.03) in moderate or high activ-
ity (interaction p = 0.021). No meaningful interaction was observed
by depressive symptom burden (interaction p = 0.56). Full subgroup
results are shown in Table 4 and Figure 4.

Variable Q1 Lowest Q2 (n = 175) Q3 (n = 175) Q4 Highest p-value
(n = 174) (n = 174)
Age, years 46.1 £13.4 472 +13.1 483 +12.8 49.6 £13.2 0.041
Female 108 (62.1%) 106 (60.6%) 102 (58.3%) 90 (51.7%) 0.12
BMI, kg/m?* 249+39 24.8+3.7 246+3.8 24.4+37 0.46
Lumbar pain region 112 (64.4%) 110 (62.9%) 109 (62.3%) 103 (59.2%) 0.72
Pain duration > 3 years 70 (40.2%) 68 (38.9%) 73 (41.7%) 76 (43.7%) 0.81
PSQI total 9.6+42 94+4.1 9.1+4.0 8.6 +4.1 0.078
PHQ-9 total 9 (5t013) 8 (4to12) 8(4t012) 7 (3to11) 0.031
Low activity (IPAQ) 78 (44.8%) 74 (42.3%) 71 (40.6%) 61 (35.1%) 0.18
Outdoor time > 60 min/day 22 (12.6%) 27 (15.4%) 31 (17.7%) 36 (20.7%) 0.11
Current vitamin D supplement use 56 (32.2%) 60 (34.3%) 72 (41.1%) 78 (44.8%) 0.014
Regular supplement use 35(20.1%) 37 (21.1%) 46 (26.3%) 51 (29.3%) 0.048
BPI severity mean 6.1+1.8 6.0+1.8 58+1.7 57+18 0.045
BPI interference mean 59+20 5721 55+2.1 52+21 0.002
Opioid use (past 7 days) 30 (17.2%) 28 (16.0%) 24 (13.7%) 20 (11.5%) 0.26

p-values from ANOVA, Kruskal-Wallis, or chi-square tests as appropriate.
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Adjusted mean pain interference across dietary vitamin D exposure quartiles, stratified by regular vitamin D supplementation. Adjusted marginal mean
Brief Pain Inventory (BPI) pain interference score (0-10) across quartiles of the standardized dietary vitamin D exposure index, stratified by regular
vitamin D supplementation (yes vs. no). Marginal means and 95% confidence intervals were obtained from the fully adjusted linear regression model
including center, clinic type, age, sex, BMI, education, physical activity, depressive symptoms, sleep quality, outdoor time category, sunscreen use,
season, smoking status, alcohol frequency, primary pain region, pain duration category, and analgesic use pattern. Higher dietary vitamin D exposure
ranking was associated with lower adjusted pain interference, and regular supplementation was associated with a lower interference level across
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Restricted cubic spline of dietary vitamin D exposure and predicted pain interference. The association between the standardized dietary vitamin D

exposure index and the predicted Brief Pain Inventory (BPI) pain interference score (0 to 10) from the fully adjusted linear regression model. The solid
curve represents the adjusted predicted mean, and the shaded band represents the 95% confidence interval. The model adjusted for center, clinic type,
age, sex, BMI, education, physical activity, depressive symptoms, sleep quality, outdoor time category, sunscreen use, season, smoking status, alcohol

frequency, primary pain region, pain duration category, and analgesic use pattern.

3.7 Sensitivity analyses

Estimates were stable across sensitivity analyses (Table 5).
Excluding participants reporting chronic kidney disease or chronic
liver disease (analytic n = 664) yielded dietary index # = —0.17 (95%
CI-0.29 to —0.05; p = 0.006) and regular supplement f§ = —0.27 (95%
CI-0.49 to —0.05; p = 0.016). Excluding participants with post-surgi-
cal spine pain (analytic n = 571) produced dietary index f = —0.19
(95% CI — 0.32 to —0.06; p = 0.004) and regular supplement = —0.30
(95% CI -0.55 to —0.05; p = 0.019). Replacing PSQI total with the

Frontiers in Nutrition

binary poor sleep indicator did not materially change results.
Complete-case analysis produced similar effect estimates.

Additional sensitivity analysis further adjusting the fully adjusted
interference model for major analgesic classes yielded materially similar
results, suggesting that the observed associations were not explained
solely by broad differences in medication exposure. After additional
adjustment for NSAIDs, acetaminophen, opioids, muscle relaxants,
antidepressants used for pain, anticonvulsants used for pain, and topical
analgesics, the dietary vitamin D index remained associated with lower
pain interference (f = —0.16, 95% CI -0.27 to —0.05, p = 0.005) and
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TABLE 3 Multivariable associations of dietary vitamin D index and supplementation with pain outcomes (N = 698).

Exposure BPI interference p-value BPI severity mean §  p-value
mean 3 (95% CI)
(95% ClI)
Dietary vitamin D index (per 1 Model 0: Unadjusted -0.32 (—0.43, -0.21) <0.001 —0.19 (-0.28, —0.10) <0.001
SD) Model 1: Partial adjustment —0.27 (—0.38, =0.16) <0.001 —0.15 (—0.24, —0.06) 0.001
Model 2: Full adjustment —0.18 (—0.29, —0.07) 0.002 —0.12 (=0.21, —0.03) 0.01
Current vitamin D supplement Model 2: Full adjustment —0.22 (—0.40, —0.04) 0.017 —0.14 (—0.30, 0.02) 0.088
use (yes vs. no)
Regular supplement use (yes vs. Model 2: Full adjustment —0.31 (—=0.52, —0.10) 0.004 —0.19 (=0.36, —0.02) 0.029
no)
Dietary index + regular Model 2: Full adjustment Dietary: —0.16 (—0.27, —0.05) 0.005 Dietary: —0.10 (—0.19, —0.01) 0.027
supplement (mutual adjustment) Regular: —0.28 (—0.49, —0.07) 0.009 Regular: —0.16 (—0.34, 0.02) 0.081

Estimates are linear regression p coefficients representing change in outcome points (0-10 scales). Because this was a cross-sectional observational study, § coefficients should be interpreted as
adjusted associations and not as causal effects. Dietary vitamin D index is standardized, so f reflects change per 1 SD increase. Semi-partial R? is shown for the exposure term in the fully adjusted
model to summarize incremental variance explained by the exposure beyond covariates. Model definitions: Model 0: unadjusted. Model 1: center, clinic type, age, sex, BMI, education. Model 2: Model
1 plus physical activity (IPAQ), depressive symptoms (PHQ-9), sleep quality (PSQI), outdoor time category, sunscreen use, season, smoking status, alcohol frequency, pain region, pain duration
category, analgesic use pattern. Model fit (R?): Interference outcome: Model 0 = 0.04; Model 1 = 0.18; Model 2 = 0.42. Severity outcome: Model 0 = 0.03; Model 1 = 0.12; Model 2 = 0.31. Incremental
exposure contribution in Model 2 (semi-partial R?): Dietary index: 0.8% (interference), 0.5% (severity). Regular supplement use: 0.6% (interference), 0.3% (severity).

TABLE 4 Prespecified effect modification for dietary vitamin D index and pain interference (fully adjusted models).

Subgroup n B (95% Cl) p-value p for interaction
BMI category 0.041

BMI < 24 kg/m? 318 —0.12 (—0.26, 0.02) 0.094

BMI > 24 kg/m* 380 —0.24 (—0.39, —0.09) 0.002

Physical activity 0.021

Low activity 284 —0.25 (—0.41, —0.09) 0.002

Moderate or high activity 414 —0.10 (—0.23, 0.03) 0.13

Depressive symptoms 0.56
PHQ-9< 10 458 —0.15 (—0.27, —0.03) 0.014

PHQ-9 > 10 240 —0.21 (—0.39, —0.03) 0.021

Dietary vitamin D index is per 1 SD. Outcome is BPI interference mean. All subgroup models use the full adjustment set, excluding the stratification variable where appropriate.

TABLE 5 Sensitivity analyses for pain interference outcome (Model 2 specification).

Sensitivity analysis Dietary index g p-value Regular supplement g p-value
(95% Cl) (95% Cl)

Primary Model 2 698 —0.18 (—0.29, —0.07) 0.002 —0.31 (—0.52, —0.10) 0.004

Excluding CKD or chronic liver disease 664 —0.17 (—0.29, —0.05) 0.006 —0.27 (—0.49, —0.05) 0.016

Excluding post-surgical spine pain 571 —0.19 (—0.32, —0.06) 0.004 —0.30 (—0.55, —0.05) 0.019

Replace PSQI total with poor sleep indicator 698 —0.17 (—0.28, —0.06) 0.003 —0.30 (—0.51, —0.09) 0.005

Complete-case for all covariates 666 —0.19 (-0.31, —0.07) 0.002 —0.33 (—0.55, —0.11) 0.003

CKD: chronic kidney disease. Dietary vitamin D index is per 1 SD. Regular supplement use is yes vs no.

regular supplement use remained associated with lower pain interfer-
ence (ff = —0.28, 95% CI -0.48 to —0.08, p = 0.006).

ranking and vitamin D supplementation were each associated with
lower pain-related functional interference. The association for dietary
exposure remained statistically significant after adjustment for a broad
set of confounders spanning pain phenotype, physical activity, depres-
sive symptoms, sleep quality, sun exposure proxies, season, analgesic

4 Discussion

In this multi-center cross-sectional outpatient sample of adults
with chronic spine-related pain, higher dietary vitamin D exposure
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use pattern, and sociodemographic factors. Supplement use showed a
similar pattern, with regular use demonstrating a larger association
than current use alone. When dietary exposure ranking and regular
supplementation were modeled jointly, both retained independent
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Subgroup n B (95% CI)
BMI category (p for interaction = 0.041)
BMI < 24 kg/m?: n = 318 B =-0.12 (-0.26 to 0.02) —a—
BMI 2 24 kg/m?: n = 380 B=-0.24 (-0.39 to -0.09) ——
Physical activity (p for interaction = 0.021)
Low activity: n = 284 B=-0.25 (-0.41 to -0.09) ——
Moderate or high activity: n =414  B=-0.10 (~0.23 to 0.03) R
Depressive symptoms (p for interaction = 0.56)
PHQ-9 <10: n =458 B=-0.15(-0.27 to -0.03) ——
PHQ-9210: n =240 B=-0.21 (-0.39 to -0.03) —
Pain region (interaction p not shown)
Cervical: n =178 B=-0.16 (-0.35 to 0.03) —a—
Thoracic: n = 86 B=-0.22 (-0.50 to 0.06) ' = 1
Lumbar: n = 434 B=-0.18 (~0.31 to -0.05) —l—
Pain duration (interaction p not shown)
3to 12 months: n =178 B=-0.14 (-0.33 to 0.05) —
1to 3 years: n =233 B=-0.18 (-0.36 to 0.00) A
3years: n =287 B=-0.22 (-0.39 to -0.05) . .'—.,—' . '
-0.6 -0.4 -0.2 0 +0.2
B for BPI pain interference per 1 SD dietary vitamin D index
Fully adjusted models. Vertical line at = 0 indicates no association.
FIGURE 4
Subgroup associations between dietary vitamin D exposure and pain interference. Forest plot of fully adjusted associations between the standardized
dietary vitamin D exposure index (per 1 SD increase) and Brief Pain Inventory (BPI) pain interference score across prespecified subgroups. Points indicate
adjusted regression coefficients and horizontal lines indicate 95% confidence intervals. Models were adjusted for the full prespecified covariate set,
including center, clinic type, age, sex, education, sleep quality, depressive symptoms, outdoor time category, sunscreen use, season, smoking status,
alcohol frequency, primary pain region, pain duration category, and analgesic use pattern, with the relevant stratification variable omitted within each
subgroup model. Interaction p-values are shown for BMI category, physical activity level, and depressive symptom burden.

associations with pain interference, suggesting partially distinct or
additive correlates. Secondary analyses indicated smaller associations
for pain severity than for pain interference, reinforcing the value of
disability-oriented endpoints in spine pain research. Prespecified
interaction analyses suggested stronger dietary associations among
participants with higher BMI and among participants with low physi-
cal activity, while associations did not materially differ by depressive
symptom burden. Sensitivity analyses excluding participants with
chronic kidney or liver disease and excluding participants with post-
surgical spine pain yielded similar results, supporting robustness to
clinically relevant comorbidity and phenotype exclusions.

Observational evidence linking vitamin D to pain outcomes
remains heterogeneous, and the present findings add a clinic-anchored
perspective by prioritizing a functional endpoint rather than pain
intensity alone (11, 15). The results are broadly consistent with prior
work suggesting that vitamin D-related exposure or status may cor-
relate more consistently with broader musculoskeletal function and
disability than with pain severity alone (30-32), although attenuation
after adjustment for sleep and depressive symptoms also indicates the
likelihood of behavioral and psychosocial confounding (33-35).

Trial evidence on vitamin D supplementation for chronic pain
and low back pain has been mixed, with many syntheses reporting
small or null average effects across diverse populations (15, 16).
Differences in baseline deficiency, achieved repletion, dose, duration,
co-interventions, and pain phenotype likely contribute to this hetero-
geneity (36, 37). Accordingly, the present cross-sectional findings
should not be read as resolving trial inconsistency, but rather as iden-
tifying a functional-outcome association that may justify more tar-
geted prospective evaluation (38, 39).

Spine-specific literature, including work in spinal fusion and defor-
mity pathways, has highlighted high prevalence of vitamin D deficiency
and possible associations with patient-reported outcomes (19, 20).
Much of that literature focuses on surgical outcomes, fusion biology, or
postoperative recovery, whereas the current study emphasizes chronic
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outpatient symptoms across anesthesiology pain, spine surgery, and
rehabilitation clinics (21). The overlap is clinically meaningful because
outpatient symptom burden often influences timing of surgery, readi-
ness for rehabilitation, and perioperative risk stratification (19). The
present findings therefore complement spine surgery literature by pro-
viding evidence in the preoperative and nonoperative symptom domain,
using pain interference as the primary endpoint (20).

Several mechanisms could plausibly link higher vitamin D-related
exposures to lower pain interference while remaining compatible with
modest effect sizes (34, 40). Vitamin D is relevant to musculoskeletal
performance, neuromuscular coordination, inflammatory signaling,
sleep, and mood, all of which may influence functional disability even
when pain intensity changes little (41-43). Because poor sleep and
depressive symptoms were highly prevalent in this cohort, and because
measurement error in those domains remains possible, the observed
associations may reflect overlapping biological and behavioral path-
ways rather than a single direct mechanism (34, 41, 43).

The stronger association with pain interference relative to pain
severity is clinically and conceptually coherent (44). Pain interference
integrates multiple dimensions including physical function, sleep dis-
ruption, and role participation (44, 45). If vitamin D related exposure
contributes to better neuromuscular performance, improved sleep
patterns, or reduced fatigue, the primary observable signal may occur
in interference rather than intensity (17, 46). This pattern also sup-
ports the choice of a functional endpoint for future pragmatic trials,
because functional improvement may be more meaningful to patients
and more aligned with clinical decision-making in pain and spine
clinics (45).

The observed effect modification by BMI and physical activity
provides additional interpretive clues (47). Higher adiposity is associ-
ated with lower circulating vitamin D and altered bioavailability, and
sedentary behavior can cluster with reduced sun exposure and poorer
musculoskeletal conditioning (48, 49). Stronger dietary associations
among participants with higher BMI and low activity may reflect a
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combination of biological susceptibility and behavioral clustering (50).
An alternative explanation is differential measurement error: more
active individuals may have higher outdoor exposure and broader diet
quality, making a short dietary screener less discriminating (51).
Another explanation is ceiling effects in function: higher activity
groups may have lower baseline interference, leaving less room to
detect exposure gradients (52). Although interaction findings should
be interpreted cautiously, the pattern supports targeted hypotheses for
future studies, including stratified screening strategies or trials
enriched for higher-risk phenotypes (53). Residual confounding also
remains likely despite broad covariate adjustment (27, 28). Although
the models incorporated age, BMI, education, physical activity, sleep
quality, depressive symptoms, sun exposure proxies, season, smoking,
alcohol use, pain characteristics, and analgesic use pattern, other fac-
tors may influence both vitamin D-related exposure and pain out-
comes (29, 54). These include socioeconomic circumstances beyond
education alone, overall diet quality and nutritional patterns unrelated
to vitamin D, inflammatory or autoimmune conditions, long-term
corticosteroid exposure, rehabilitation intensity, health-seeking behav-
ior, and clinician engagement (28, 55, 56). In observational nutrition-
pain research, such factors can cluster strongly and are difficult to
measure completely, which limits causal interpretation (28, 57).

The persistence of independent associations in mutual adjustment
models suggests that dietary exposure ranking and regular supplemen-
tation capture overlapping but distinct aspects of vitamin D related
behavior (58). Dietary intake is influenced by food access, preferences,
and overall dietary patterns, whereas supplementation can reflect clini-
cian advice, patient motivation, and health system contact (23). In set-
tings where fortification is heterogeneous and dietary assessment is
imperfect, supplement behavior may serve as a more stable marker of
sustained intake (59, 60). The joint model results support a framing that
both dietary and supplemental sources deserve consideration in clinical
counseling and research design, even when precise absolute intake esti-
mation is not feasible (61). An important measurement issue is the dis-
crepancy between reported intake and physiological vitamin D status
(27). Dietary ranking and supplement use capture exposure-related
behavior, but they do not directly measure circulating 25-hydroxyvita-
min D (27). Biological status depends not only on intake, but also on
sun exposure, adiposity, absorption, metabolism, comorbid disease, and
adherence (54, 62, 63). Accordingly, some participants may have been
misclassified with respect to true physiological vitamin D status despite
similar reported intake or supplement patterns (27). If such misclassifi-
cation was predominantly non-differential, it would be expected to
attenuate associations toward the null. However, differential misclassi-
fication is also possible if participants with higher symptom burden
recalled diet, supplement use, or portion sizes differently. These consid-
erations reinforce that the observed estimates should be interpreted
cautiously and as exposure-behavior associations rather than bio-
marker-based effects (64).

For tertiary anesthesiology pain clinics and high-volume spine
centers, including deformity and severe scoliosis pipelines, a central
operational challenge is improving function while limiting harm from
escalating pharmacologic exposure (65, 66). Pain interference is
closely tied to disability, sleep disturbance, and psychosocial burden,
and it often drives decisions about interventions, rehabilitation inten-
sity, and surgical timing (67, 68). If vitamin D-related exposures are
associated with lower interference, even modestly, the finding is clini-
cally relevant because vitamin D assessment and counseling are com-
paratively low-cost, scalable, and compatible with multimodal care
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(23, 61). However, the present study does not establish that vitamin D
optimization reduces pain interference and should not be interpreted
as evidence for vitamin D as a standalone analgesic strategy. Rather, it
supports further prospective evaluation within broader care models
that include rehabilitation, sleep-focused management, and mood
screening (69). In addition, the subgroup pattern suggests potential
prioritization of patients with higher BMI or low activity for assess-
ment and counseling, because that combination may align with
greater vulnerability and higher baseline interference (70).

At the same time, clinical translation requires caution. Cross-
sectional associations can reflect reverse causation, whereby individu-
als with lower interference are more likely to engage in healthier diet
patterns, outdoor activity, and supplement adherence (71, 72). The
results should therefore be viewed as hypothesis-generating and as
justification for prospective designs that can better separate cause
from consequence (73, 74).

4.1 Limitations and implications

Several limitations warrant emphasis. First, the observational cross-
sectional design precludes causal inference and does not establish tem-
poral ordering between vitamin D-related exposures and pain
interference. Accordingly, reverse causation remains plausible even after
multivariable adjustment. Participants with lower pain interference may
have been more able to maintain healthier diets, adhere to supplement
routines, spend more time outdoors, and participate in rehabilitation or
other health-promoting behaviors, whereas those with greater func-
tional interference may have had lower mobility, poorer self-care, and
reduced adherence. Second, residual confounding remains likely despite
adjustment for a broad set of measured covariates, including age, BMI,
education, physical activity, depressive symptoms, sleep quality, sun
exposure proxies, season, smoking, alcohol use, pain characteristics, and
analgesic use pattern. Unmeasured or incompletely measured factors
such as broader socioeconomic position, overall diet quality, inflamma-
tory or autoimmune disease burden, long-term corticosteroid exposure,
rehabilitation intensity, clinician engagement, and general health-seek-
ing behavior may still have influenced both vitamin D-related exposures
and pain outcomes. Third, dietary exposure was operationalized as an
intake-ranking index rather than absolute intake, which improves feasi-
bility in a heterogeneous fortification environment but introduces mea-
surement error and limits direct comparability with studies reporting
IU/day. The dietary screener was designed as a pragmatic focused rank-
ing tool and was not formally validated against serum 25-hydroxyvita-
min D or a comprehensive dietary reference instrument in this cohort.
Fourth, supplement exposure and portion sizes relied on self-report over
a 3-month recall period and are therefore vulnerable to recall bias and
exposure misclassification. Finally, reported intake and supplement use
do not necessarily correspond to physiological vitamin D status because
status also depends on sun exposure, adiposity, absorption, metabolism,
and adherence. Taken together, these considerations indicate that the
observed estimates should be interpreted cautiously as adjusted associa-
tions rather than evidence of an independent causal effect.

Implications are pragmatic. Findings support routine inclusion of
vitamin D related exposure assessment in observational spine pain
research using function-oriented endpoints, and they justify prospec-
tive cohorts or pragmatic trials that test whether targeted vitamin D
optimization, combined with rehabilitation and sleep-focused care,
can improve pain interference in high-risk subgroups such as patients
with higher BMI or low activity.
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4.2 Future directions

Future work should prioritize designs that strengthen causal inter-
pretation. A prospective cohort with repeated measures of pain interfer-
ence, activity, sleep, mood, and vitamin D related exposures can clarify
directionality and quantify within-person changes. Incorporation of
serum 25-hydroxyvitamin D in a subset would allow calibration of intake
ranking and help identify deficiency thresholds relevant to function.
Pragmatic trials could enrich enrollment for patients with low activity or
higher BMI, because subgroup findings suggest higher yield in that phe-
notype. Intervention designs should consider multimodal strategies,
pairing vitamin D optimization with structured exercise or rehabilitation
and sleep interventions, since disability in chronic spine-related pain is
multifactorial and rarely responsive to a single lever. Finally, spine sur-
gery pathways provide a compelling translational platform, because pre-
operative optimization and postoperative rehabilitation are structured
touchpoints where diet and supplementation counseling can be imple-
mented and monitored alongside functional outcomes.

5 Conclusion

In Chinese adults with chronic spine-related pain, higher dietary
vitamin D exposure ranking and vitamin D supplementation, par-
ticularly regular supplementation, were associated with lower pain-
related functional interference. These associations persisted after
adjustment for a broad set of measured covariates, including physical
activity, depressive symptoms, sleep quality, sun exposure proxies,
season, analgesic use pattern, and pain characteristics. The observed
associations were modest in magnitude and were more pronounced
for pain interference than for pain severity, supporting the value of
disability-oriented outcomes when evaluating nutrition-related cor-
relates of chronic pain. Joint models suggested that dietary exposure
ranking and regular supplementation captured partially distinct
exposure-related information. Stronger associations among partici-
pants with higher BMI and among participants with low physical
activity identify subgroups that may merit focused evaluation in
future studies. Because the study was cross-sectional and subject to
residual confounding, recall error, exposure misclassification, and
reverse causation, the findings should be interpreted as hypothesis-
generating associations rather than evidence of therapeutic benefit.
Prospective cohorts and pragmatic trials are needed to determine
whether vitamin D-related intake optimization is linked to improved
functional outcomes when integrated with rehabilitation and sleep-
focused care in tertiary spine and pain management settings.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by Ethics
Committee of The Third People’s Hospital of Chengdu. The studies

Frontiers in Nutrition

12

10.3389/fnut.2026.1815557

were conducted in accordance with the local legislation and institu-
tional requirements. The participants provided their written informed
consent to participate in this study.

Author contributions

TC: Visualization, Funding acquisition, Supervision, Formal analy-
sis, Project administration, Writing - original draft, Conceptualization,
Investigation, Data curation, Methodology, Software, Validation,
Resources, Writing - review & editing. YC: Validation, Writing - review
& editing, Methodology, Investigation, Writing — original draft. QL:
Validation, Methodology, Writing — review & editing, Investigation,
Writing - original draft. LS: Writing — review & editing, Validation,
Funding acquisition, Methodology, Writing — original draft, Resources,
Investigation. DZ: Investigation, Resources, Validation, Writing -
review & editing, Methodology, Writing - original draft. ZH:
Methodology, Writing — original draft, Resources, Writing - review &
editing, Investigation, Validation. WZ: Investigation, Writing — review
& editing, Validation, Writing — original draft, Methodology. ML:
Validation, Writing - review & editing, Methodology, Writing — original
draft, Investigation. XL: Methodology, Investigation, Writing — review
& editing, Software, Writing - original draft, Validation, Data curation,
Formal analysis. JT: Investigation, Writing - review & editing, Writing —
original draft, Validation, Methodology. YP: Writing - review & editing,
Investigation, Writing — original draft, Validation, Methodology. QF:
Investigation, Methodology, Validation, Writing - review & editing,
Writing - original draft.

Funding

The author(s) declared that financial support was received for this
work and/or its publication. This research was funded by Sichuan
Medical Science and Technology Innovation Research Association,
grant number YCH-KY-YCZD2024-147; and Chengdu Science and
Technology Program, grant number 2022-YF05-01771-SN.

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declared that Generative Al was used in the creation
of this manuscript. We used ChatGPT to polish the English language
of the final draft of the manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure accuracy,
including review by the authors wherever possible. If you identify any
issues, please contact us.

frontiersin.org


https://doi.org/10.3389/fnut.2026.1815557
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Chen et al.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

1. Iwane N, Hashizume H, Murata S, Mure K, Oka H, Iidaka T, et al. Lumbar disc degen-
eration and vertebral fracture at the thoracolumbar junction are risk factors for chronic
low Back pain with disability: seven years” follow-up of the Wakayama spine study.
Cureus. (2025):17. doi: 10.7759/cureus.84291

2. Islam MA, Monni AF, Islam S, Rahman MM, Alauddin MAM, Sharif R. Prevalence of
disability in chronic non-specific low Back pain patients. Saudi ] Med Pharm Sci. (2024)
10:256-60. doi: 10.36348/sjmps.2024.v10i04.008

3. Shekhar S, Rao R, Nirala S, Naik B, Singh C, Pandey S. Prevalence of acute low back
pain with risk of long-term disability and its correlates among medical students: a cross-
sectional study. ] Educ Health Promot. (2023) 12:12. doi: 10.4103/jehp.jehp_1460_22

4. Jandri¢-Ko¢i¢ M. Sleep disorder and functional disability in chronic low back pain.
Zdravstvena Zastita. (2019) 48:1-6. doi: 10.5937/7.21904001]

5. Petrucci G, Papalia G, Russo F, Vadala G, Piredda M, De Marinis M, et al.
Psychological approaches for the integrative Care of Chronic low Back Pain: a sys-
tematic review and metanalysis. Int ] Environ Res Public Health. (2021) 19:60. doi:
10.3390/ijerph19010060

6. Savitri T. Role of MRI in evaluation of non-traumatic causes of low backache. ] Med
Sci Clin Res. (2019) 7:7. doi: 10.18535/jmscr/v7i12.44

7. Alhowimel A, Alotaibi M, Alenazi A, Alqahtani B, Alshehri MA, Alamam D, et al.
Psychosocial predictors of pain and disability outcomes in people with chronic low Back
pain treated conservatively by guideline-based intervention: a systematic review. J
Multidiscip Healthc. (2021) 14:3549-59. doi: 10.2147/JMDH.S343494

8. Sangsaikaew A, Koontala A, Junsevg K, Utaisang A. Factors predicting back pain and
disability in patients with non-specific low back pain. Malaysian J Public Health Med.
(2021) 21:53-60. doi: 10.37268/mjphm/vol.21/no.1/art.516

9. Shihab SS, Khider EQ. Correlation of pain intensity and level of disability with the
socio-demographic characteristics in patients with chronic mechanical low Back pain.
International. ] Pharm Chem. (2021) 7:58-70.

10. Rothe T, Dabholkar T. A survey on the prevalence of low Back pain and the disability
in accredited social health activists (ASHA) in Panvel division of Maharashtra. Indian |
Occup Environ Med. (2025) 29:151-3. doi: 10.4103/ijoem.ijjoem_108_24

11. Wu Z, Malihi Z, Stewart A, Lawes C, Scragg R. The association between vitamin D
concentration and pain: a systematic review and meta-analysis. Public Health Nutr. (2018)
21:2022-37. doi: 10.1017/S1368980018000551

12. Bansal D, Boya C, Vatte R, Ghai B. High prevalence of hypovitaminosis D in patients
with low Back pain: evidence from Meta-analysis. Pain Physician. (2018) 1:E389-99. doi:
10.36076/ppj.2018.4.E389

13. Elma O, Yilmaz S, Deliens T, Coppieters I, Clarys P, Nijs J, et al. Do nutritional factors
interact with chronic musculoskeletal pain? A systematic review. Journal of. Clin Med.
(2020) 9:9. doi: 10.3390/jcm9030702

14. Chaudhari SS, Kulthe TM, Kashid MR, Bhalerao SB, Shrivastava SP. Evaluation of
vitamin D levels in patients presenting nonspecific musculoskeletal pain at a tertiary care
hospital: a cross sectional study. Sch ] Appl Med Sci. (2023) 11:100-3. doi: 10.36347/
sjams.2023.v11i01.016

15. Lee T-J, Tsai R-Y, Ho C-C, Chen C-M, Li CP. Updated Meta-analysis reveals limited
efficacy of vitamin D supplementation in chronic low Back pain. In Vivo. (2024)
38:2955-67. doi: 10.21873/invivo.13778

16. Zadro J, Shirley D, Ferreira M, Silva APC, Lamb S, Cooper C, et al. Is vitamin D
supplementation effective for low Back pain? A systematic review and Meta-analysis. Pain
Physician. (2018) 21:121-45. doi: 10.36076/ppj.2018.2.121

17. Bassett E, Gjekmarkaj E, Mason A, Zhao S, Burgess S. Vitamin D, chronic pain, and
depression: linear and non-linear mendelian randomization analyses. Translational.
Psychiatry. (2023):14.

18. Jiang X, Zhou R, He Y, Zhu T, Zhang W. Causal effect of serum 25-hydroxyvitamin

D levels on low back pain: a two-sample Mendelian randomization study. Front Genet.
(2022) 13:1001265. doi: 10.3389/fgene.2022.1001265

19. Mayo B, Massel D, Yacob A, Narain A, Hijji E, Jenkins N, et al. A review of vitamin D
in spinal surgery: deficiency screening, treatment, and outcomes. Int ] Spine Surg. (2020)
14:447-54. doi: 10.14444/7059

20. Khalooeifard R, Rahmani J, Tavanaei R, Adebayo O, Keykhaee M, Ahani A, et al. The
effect of vitamin D deficiency on outcomes of patients undergoing elective spinal fusion
surgery: a systematic review and Meta-analysis. Int ] Spine Surg. (2022) 16:53-60. doi:
10.14444/8177

21. Lewandrowski K, Lorio M. Editors’ commentary: the effect of vitamin D deficiency
on outcomes of patients undergoing elective spinal fusion surgery: a systematic review

Frontiers in Nutrition

13

10.3389/fnut.2026.1815557

organizations, or those of the publisher, the editors and the review-
ers. Any product that may be evaluated in this article, or claim that
may be made by its manufacturer, is not guaranteed or endorsed by
the publisher.

and Meta-analysis by Khalooeifard et al. Int ] Spine Surg. (2022) 16:2-3. doi:
10.14444/8170

22. MacRae C, Pearson-Stuttard B, Ralston S. Vitamin D: testing and supplementation in
adults. InnovAiT. (2020) 13:661-8. doi: 10.1177/1755738020949568

23. Buttriss J, Lanham-New S. Is a vitamin D fortification strategy needed? Nutr Bull.
(2020) 45:115-22. doi: 10.1111/nbu.12430

24. Whiting S, Calvo M. Vitamin D: nutrition information brief. Adv Nutr. (2021)
12:2037-9. doi: 10.1093/advances/nmab051

25. Taylor B, Taylor B, Taylor B, Lorson L, White C, White C, et al. A randomized trial of
coenzyme Q10 in patients with confirmed statin myopathy. Atherosclerosis. (2015)
238:329-35. doi: 10.1016/j.atherosclerosis.2014.12.016

26. Al-Khudhairy M, AlOtaibi A, AbdulRahman L, Al-Garni M, Yaslam R, Fatani R. The
Association of Self-Reported Iron and Vitamin D Levels on sleep quality and pain percep-
tion in a subset of Saudi population. Risk Manage Healthcare Policy. (2021) 14:4853-65.
doi: 10.2147/RMHP.S318698

27. Millen A, Wactawski-Wende J, Pettinger M, Melamed M, Tylavsky E, Liu S, et al.
Predictors of serum 25-hydroxyvitamin D concentrations among postmenopausal
women: the Women's Health Initiative calcium plus vitamin D clinical trial. Am J Clin
Nutr. (2010) 91:1324-35. doi: 10.3945/ajcn.2009.28908

28. Elma O, Brain K, Dong H-J. The importance of nutrition as a lifestyle factor in chronic
pain management: a narrative review. Journal of. Clin Med. (2022) 11:11. doi: 10.3390/
jem11195950

29. Verma S, Gallagher R. Evaluating and treating co-morbid pain and depression. Int
Rev Psychiatry. (2000) 12:103-14. doi: 10.1080/09540260050007426

30. Kroenke K. Pain measurement in research and practice. ] Gen Intern Med. (2018)
33:7-8. doi: 10.1007/s11606-018-4363-4

31. Kashikar-Zuck S, Myer G, Ting T. Can behavioral treatments be enhanced by integra-
tive neuromuscular training in the treatment of juvenile fibromyalgia? Pain Manage.
(2011) 2:9-12. doi: 10.2217/pmt.11.60

32. ChengJ, Cheng S-T. Effectiveness of physical and cognitive-behavioural intervention
programmes for chronic musculoskeletal pain in adults: a systematic review and meta-
analysis of randomised controlled trials. PLoS One. (2019) 14:14. doi: 10.1371/journal.
pone.0223367

33. Kroenke K. Improvements in pain or physical function and changes in depression
and anxiety symptoms. JAMA Netw Open. (2023) 6:6 6. doi: 10.1001/
jamanetworkopen.2023.20474

34. Shipton E, Shipton E. Vitamin D and pain: vitamin D and its role in the aetiology and
maintenance of chronic pain states and associated comorbidities. Pain Res Treat. (2015)
2015:1-12. doi: 10.1155/2015/904967

35. De Oliveira D, Hirotsu C, Tufik S, Andersen M. The interfaces between vitamin D,
sleep and pain. ] Endocrinol. (2017):234 1.

36. Helde-Frankling M, Bjérkhem-Bergman L. Vitamin D in Pain Management. Int ] Mol
Sci. (2017) 18. doi: 10.3390/ijms18102170

37. Abrego-Guandique DM, Ilari S, Nucera S, Passacatini L, Cione E, Cannataro R, et al.
Vitamin D in the transition from acute to chronic pain: a systematic review. Nutrients.
(2025) 17. doi: 10.3390/nul7111912

38. Rahman A, Waterhouse M, Baxter C, Romero B, McLeod D, Armstrong B, et al. The
effect of vitamin D supplementation on pain: an analysis of data from the D-health ran-
domised controlled trial. Br ] Nutr. (2022) 130:633-40. doi: 10.1017/S0007114522003567

39. Sha S, Chen L-J, Brenner H, Schéttker B. Serum 25-hydroxyvitamin D status and
vitamin D supplements use are not associated with low Back pain in the large UK biobank
cohort. Nutrients. (2024) 16:806. doi: 10.3390/nu16060806

40. Calik Y, Aygiin U. Evaluation of vitamin D levels in patients with chronic low back-leg
pain. Acta Orthop Traumatol Turc. (2017) 51:243-7. doi: 10.1016/j.a0tt.2017.03.006

41. Singh AK, Kumar S, Mishra S, Rajotiya S, Debnath S, Raj P, et al. The effects of vitamin
D levels on physical, mental health, and sleep quality in adults: a comprehensive investiga-
tion. Frontiers. Nutrition. (2024) 11:11. doi: 10.3389/fnut.2024.1451037

42. Dechsupa S, Yingsakmongkol W, Limthongkul W, Singhatanadgige W, Assawakosri
S, Honsawek S. Vitamin D supplementation improves muscle mass, physical function,
and quality of life in patients with degenerative lumbar disease. Clin Transl Sci. (2025)
18:€70315. doi: 10.1111/cts.70315

43. Can I, Sarifakioglu AB, Giizelant AY. The effect of Vitamin D deficiency on vital
parameters in myofascial pain syndrome. Bagcilar Med Bull. (2021) 6:112-7. doi: 10.4274/
BMB.galenos.2020.08.050

frontiersin.org


https://doi.org/10.3389/fnut.2026.1815557
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.7759/cureus.84291
https://doi.org/10.36348/sjmps.2024.v10i04.008
https://doi.org/10.4103/jehp.jehp_1460_22
https://doi.org/10.5937/ZZ1904001J
https://doi.org/10.3390/ijerph19010060
https://doi.org/10.18535/jmscr/v7i12.44
https://doi.org/10.2147/JMDH.S343494
https://doi.org/10.37268/mjphm/vol.21/no.1/art.516
https://doi.org/10.4103/ijoem.ijoem_108_24
https://doi.org/10.1017/S1368980018000551
https://doi.org/10.36076/ppj.2018.4.E389
https://doi.org/10.3390/jcm9030702
https://doi.org/10.36347/sjams.2023.v11i01.016
https://doi.org/10.36347/sjams.2023.v11i01.016
https://doi.org/10.21873/invivo.13778
https://doi.org/10.36076/ppj.2018.2.121
https://doi.org/10.3389/fgene.2022.1001265
https://doi.org/10.14444/7059
https://doi.org/10.14444/8177
https://doi.org/10.14444/8170
https://doi.org/10.1177/1755738020949568
https://doi.org/10.1111/nbu.12430
https://doi.org/10.1093/advances/nmab051
https://doi.org/10.1016/j.atherosclerosis.2014.12.016
https://doi.org/10.2147/RMHP.S318698
https://doi.org/10.3945/ajcn.2009.28908
https://doi.org/10.3390/jcm11195950
https://doi.org/10.3390/jcm11195950
https://doi.org/10.1080/09540260050007426
https://doi.org/10.1007/s11606-018-4363-4
https://doi.org/10.2217/pmt.11.60
https://doi.org/10.1371/journal.pone.0223367
https://doi.org/10.1371/journal.pone.0223367
https://doi.org/10.1001/jamanetworkopen.2023.20474
https://doi.org/10.1001/jamanetworkopen.2023.20474
https://doi.org/10.1155/2015/904967
https://doi.org/10.3390/ijms18102170
https://doi.org/10.3390/nu17111912
https://doi.org/10.1017/S0007114522003567
https://doi.org/10.3390/nu16060806
https://doi.org/10.1016/j.aott.2017.03.006
https://doi.org/10.3389/fnut.2024.1451037
https://doi.org/10.1111/cts.70315
https://doi.org/10.4274/BMB.galenos.2020.08.050
https://doi.org/10.4274/BMB.galenos.2020.08.050

Chen et al.

44. Mellace D, Aiello E, Del Prete-Ferrucci G, De Sandi A, Marfoli A, Ruggiero E, et al.
Beyond pain: the influence of psychological factors on functional status in fibromyalgia.
Clin Exp Rheumatol. (2024) 42:1224-9. doi: 10.55563/clinexprheumatol/9qrqel

45. Glei D, Weinstein M. Is the pain killing you? Could pain interference be a warning
signal for midlife mortality? SSM - population. Health. (2023) 24:101513. doi: 10.1016/j.
ssmph.2023.101513

46. Wintermeyer E, Thle C, Ehnert S, Stockle U, Ochs G, De Zwart P, et al. Crucial role of
vitamin D in the musculoskeletal system. Nutrients. (2016) 8. doi: 10.3390/nu8060319

47. Rivera-Paredez B, Hidalgo-Bravo A, Leén-Reyes G, Leén-Maldonado L, Aquino-
Galvez A, Castillejos-Lépez M, et al. Total, bioavailable, and free 25-hydroxyvitamin D
equally associate with adiposity markers and metabolic traits in Mexican adults. Nutrients.
(2021) 13. doi: 10.3390/nu13103320

48. Hengist A, Perkin O, Gonzalez J, Betts ], Hewison M, Manolopoulos K, et al.
Mobilising vitamin D from adipose tissue: the potential impact of exercise. Nutr Bull.
(2019) 44:25-35. doi: 10.1111/nbu.12369

49. Ergiil EE, Saglam G. A cross-sectional study on vitamin D levels, body mass index,
physical activity level and life-style factors in postmenopausal women. Turkish |
Osteoporosis. (2023) 29:33-8. doi: 10.4274/tod.galenos.2022.44452

50. Corazza P, Tadiotto M, Michel D, Mota J, Leite N. Association between physical activ-
ity, cardiometabolic risk factors and vitamin D in children and adolescents: a systematic
review. Revista Brasileira Atividade Fisica Saiide. (2019) 24:1-12. doi: 10.12820/
rbafs.24e0070

51. Fernandes M, Barreto WDR. Association between physical activity and vitamin D: a
narrative literature review. Rev Assoc Med Bras. (2017) 63:550-6. doi:
10.1590/1806-9282.63.06.550

52. Scott D, Ebeling P, Sanders K, Aitken D, Winzenberg T, Jones G. Vitamin d and physi-
cal activity status: associations with five-year changes in body composition and muscle
function in community-dwelling older adults. ] Clin Endocrinol Metab. (2015) 100:670-8.
doi: 10.1210/jc.2014-3519

53. Jawed I, Ain HQ, Razaq FA, Qadir MU, Jabeen S, Alam E, et al. Vitamin D and physi-
cal activity as co-modifiers of muscle health and function - a narrative exploration. Ann
Med Surg. (2025) 87:5046-55. doi: 10.1097/MS9.0000000000003502

54. Freedman D, Cahoon E, Rajaraman P, Major ], Doody M, Alexander B, et al. Sunlight
and other determinants of circulating 25-hydroxyvitamin D levels in black and white
participants in a nationwide U.S. study. Am ] Epidemiol. (2013) 177:180-92. doi: 10.1093/
aje/kws223

55. Galassi T, Pacheco-Barrios K, Gianlorengo A, Fregni F. Obesity and systemic inflam-
mation disrupt the compensatory role of physical activity in chronic pain conditions.
Biomedicine. (2025) 13:13. doi: 10.3390/biomedicines13051111

56. Cuomo A, Parascandolo I. Role of nutrition in the Management of Patients with
chronic musculoskeletal pain. J Pain Res. (2024) 17:2223-38. doi: 10.2147/JPR.S456202

57. Tatta J, Nijs J, Elma O, Malfliet A, Magnusson D. The critical role of nutrition care to
improve pain management: a global call to action for physical therapist practice. Phys
Ther. (2022) 102:pzab296. doi: 10.1093/ptj/pzab296

58. Berendsen A, Van Lieshout L, Van Den Heuvel E, Matthys C, Péter S, De Groot L.
Conventional foods, followed by dietary supplements and fortified foods, are the key
sources of vitamin D, vitamin B6, and selenium intake in Dutch participants of the
NU-AGE study. Nutr Res. (2016) 36:1171-81. doi: 10.1016/j.nutres.2016.05.007

59. Allen R, Dangour A, Tedstone A. Update of the vitamin D content of fortified foods
and supplements in the UK National Diet and nutrition survey nutrient databank. Nutr
Bull. (2014) 39:247-52. doi: 10.1111/nbu.12099

Frontiers in Nutrition

14

10.3389/fnut.2026.1815557

60. Trachtenberg T, Martirosyan D. Addressing vitamin D deficiency through nutritional
strategies. Bioact Comp Health Dis. (2024) 7:289-301.

61. Adebayo F, Itkonen S, Ohman T, Kiely M, Cashman K, Lamberg-Allardt C, et al.
Safety of vitamin D food fortification and supplementation: evidence from randomized
controlled trials and observational studies. Foods. (2021) 10:10. doi: 10.3390/
foods10123065

62. Luttmann-Gibson H, Mora S, Camargo C, Cook N, Demler O, Ghoshal A, et al.
Serum 25-hydroxyvitamin D in the VITamin D and OmegA-3 TriaL (VITAL): clinical
and demographic characteristics associated with baseline and change with randomized
vitamin D treatment. Contemp Clin Trials. (2019) 87:105854. doi: 10.1016/j.
cct.2019.105854

63. Kimlin M, Lucas R, Harrison S, Van Der Mei I, Armstrong B, Whiteman D, et al. The
contributions of solar ultraviolet radiation exposure and other determinants to serum
25-hydroxyvitamin D concentrations in Australian adults: the AusD study. Am J
Epidemiol. (2014) 179:864-74. doi: 10.1093/aje/kwt446

64. Valer-Martinez A, Sayon-Orea C, Herndndez JM, De La Fuente-Arrillaga C, De Rojas
P, Barcones F, et al. Forecasting levels of serum 25-hydroxyvitamin D based on dietary
intake, lifestyle and personal determinants in a sample of southern Europeans. Br ] Nutr.
(2023) 130:1814-22. doi: 10.1017/S0007114523000946

65. El-Tallawy S, Nalamasu R, Salem G, LeQuang J, Pergolizzi ], Christo P. Management
of Musculoskeletal Pain: an update with emphasis on chronic musculoskeletal pain. Pain
Ther. (2021) 10:181-209. doi: 10.1007/s40122-021-00235-2

66. Cohen S, Wang E, Roybal A, Chen Y. Factors predicting outcomes from chronic pain
management interventions. BMJ Med. (2025) 4:4. doi: 10.1136/bmjmed-2024-001143

67. Terkawi A, Popat R, Mackey S. Characterization and burden of localized back pain
versus back pain with chronic overlapping pain conditions. Pain Pract. (2023) 23:904-13.
doi: 10.1111/papr.13267

68. Weng L-M, Zheng Y, Peng M-S, Wang J, Wang R, Wang X. Bibliometric Study of the
Global scientific Research on pain and Disability. (2020)

69. Varrassi G, Fari G, Tamayo MN, Gomez MP, Lifieiro AMG, Pereira CL, et al. Mixed
pain: clinical practice recommendations. Front Med. (2025) 12:12. doi: 10.3389/
fmed.2025.1659490

70. Huijbers ], Coenen P, Burchell G, Coppieters M, Steenhuis I, Van Dieén J, et al. The
(cost-)effectiveness of combined lifestyle interventions for people with persistent low-
back pain who are overweight or obese: a systematic review. Musculoskelet Sci Pract.
(2023) 65:102770. doi: 10.1016/j.msksp.2023.102770

71. Johansson M, Holtermann A, Segaard K, Korshej M, Jensen M, Hartvigsen J,
et al. The association between 24-h physical behavior compositions and persistent
musculoskeletal pain. Scand ] Med Sci Sports. (2025) 35:¢70149. doi: 10.1111/
sms.70149

72. Micheletti JK, Blafoss R, Sundstrup E, Bay H, Pastre C, Andersen L. Association
between lifestyle and musculoskeletal pain: cross-sectional study among 10,000 adults
from the general working population. BMC Musculoskelet Disord. (2019) 20:609. doi:
10.1186/512891-019-3002-5

73. Jelinek G. Determining causation from observational studies: a challenge for modern
neuroepidemiology. Front Neurol. (2017) 8:265. doi: 10.3389/fneur.2017.00265

74. Solmi M, Cobey K, Moher D, Ebrahimzadeh S, Dragioti E, Shin ], et al. Development
of a Reporting Guideline for Umbrella Reviews on Epidemiological Associations Using
Cross-Sectional, Case-Control, and Cohort Studies: the Preferred Reporting Items for
Umbrella Reviews of Cross-Sectional, Case-Control, and Cohort Studies (PRIUR-CCC).
BM]J Open.(2024) 14:¢071136.

frontiersin.org


https://doi.org/10.3389/fnut.2026.1815557
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.55563/clinexprheumatol/9qrqel
https://doi.org/10.1016/j.ssmph.2023.101513
https://doi.org/10.1016/j.ssmph.2023.101513
https://doi.org/10.3390/nu8060319
https://doi.org/10.3390/nu13103320
https://doi.org/10.1111/nbu.12369
https://doi.org/10.4274/tod.galenos.2022.44452
https://doi.org/10.12820/rbafs.24e0070
https://doi.org/10.12820/rbafs.24e0070
https://doi.org/10.1590/1806-9282.63.06.550
https://doi.org/10.1210/jc.2014-3519
https://doi.org/10.1097/MS9.0000000000003502
https://doi.org/10.1093/aje/kws223
https://doi.org/10.1093/aje/kws223
https://doi.org/10.3390/biomedicines13051111
https://doi.org/10.2147/JPR.S456202
https://doi.org/10.1093/ptj/pzab296
https://doi.org/10.1016/j.nutres.2016.05.007
https://doi.org/10.1111/nbu.12099
https://doi.org/10.3390/foods10123065
https://doi.org/10.3390/foods10123065
https://doi.org/10.1016/j.cct.2019.105854
https://doi.org/10.1016/j.cct.2019.105854
https://doi.org/10.1093/aje/kwt446
https://doi.org/10.1017/S0007114523000946
https://doi.org/10.1007/s40122-021-00235-2
https://doi.org/10.1136/bmjmed-2024-001143
https://doi.org/10.1111/papr.13267
https://doi.org/10.3389/fmed.2025.1659490
https://doi.org/10.3389/fmed.2025.1659490
https://doi.org/10.1016/j.msksp.2023.102770
https://doi.org/10.1111/sms.70149
https://doi.org/10.1111/sms.70149
https://doi.org/10.1186/s12891-019-3002-5
https://doi.org/10.3389/fneur.2017.00265

	Dietary and supplemental vitamin D intake and pain interference in adults with chronic spine-related pain: a cross-sectional survey study
	1 Introduction
	2 Materials and methods
	2.1 Study design and setting
	2.2 Participants
	2.3 Recruitment and survey administration
	2.4 Measures
	2.4.1 Primary outcome
	2.4.2 Secondary pain outcomes
	2.4.3 Dietary vitamin D exposure
	2.4.4 Vitamin D supplementation exposure
	2.4.5 Sleep quality
	2.4.6 Physical activity
	2.4.7 Depressive symptoms
	2.4.8 Sun exposure proxy and season
	2.4.9 Analgesic use and health covariates
	2.5 Data management and quality control
	2.6 Sample size
	2.7 Statistical analysis
	2.8 Ethics and consent

	3 Results
	3.1 Baseline characteristics
	3.2 Dietary vitamin D index distribution and crude gradients in pain interference
	3.3 Primary analysis: dietary vitamin D index and pain interference
	3.4 Supplementation analysis and mutual adjustment with dietary index
	3.5 Secondary outcome: pain severity
	3.6 Prespecified effect modification and subgroup analyses
	3.7 Sensitivity analyses

	4 Discussion
	4.1 Limitations and implications
	4.2 Future directions

	5 Conclusion

	References



