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Abstract
Background  The impact of serum 25-hydroxyvitamin D [25(OH)D] on prostate cancer (PCa) development remains 
inconclusive. This investigation aimed to evaluate the association between 25(OH)D concentrations and PCa 
prevalence using data from a nationally representative cohort.

Methods  A cross-sectional analysis was performed using data from individuals aged 40 years and older who 
participated in the National Health and Nutrition Examination Survey (NHANES) from 2001 to 2018. Comprehensive 
demographic and clinical information, including 25(OH)D levels and PCa status, was obtained. Multivariate logistic 
regression models were utilized to determine the association between serum 25(OH)D concentrations and PCa 
prevalence.

Results  This study analyzed data from 17,989 individuals, with a mean age of 61.1 ± 12.8 years and an average 
serum 25(OH)D concentration of 68.3 ± 23.3 nmol/L. PCa was diagnosed in 3.3% (n = 848) of participants. After full 
adjustment for potential confounders, elevated serum 25(OH)D concentrations were positively associated with the 
prevalence of PCa (p for trend = 0.007). Each 10-unit increment in serum 25(OH)D was linked to a 7% increase in PCa 
prevalence. Curve fitting analysis demonstrated a linear, positive association between serum 25(OH)D levels and PCa 
frequency. This trend remained consistent across all sensitivity analyses, including restriction to participants aged ≥ 60 
years, exclusion of outlier serum 25(OH)D values (> mean + 3SD), and complete-case analysis. Stratified analysis 
indicated that this association was notably stronger among individuals with cardiovascular disease (OR, 1.16 [95% CI, 
1.08–1.24]; p for interaction = 0.025).
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Introduce
Prostate cancer (PCa) remains the most commonly 
diagnosed malignancy and the second leading cause of 
cancer-related death among men in the United States, 
exerting substantial social and economic impacts. 
Between 2014 and 2019, its incidence increased annu-
ally by 3%, with nearly half of the patients presenting with 
advanced-stage disease at initial diagnosis [1]. According 
to the American Cancer Society, 288,830 new PCa cases 
and 33,330 associated deaths were recorded in the U.S. in 
2023. Addressing PCa prevention and treatment contin-
ues to pose global challenges. Although recent research 
has yielded significant progress, the underlying causes 
of PCa remain unclear. Its development and progression 
reflect a complex, multi-phase trajectory influenced by 
age, hereditary predisposition, environmental exposures, 
lifestyle patterns, physical activity levels, genetic risk fac-
tors, and the composition of the microbiota [2–4].

Vitamin D, a fat-soluble micronutrient, is primarily 
synthesized in the skin through a multistep photochemi-
cal process triggered by ultraviolet radiation and can also 
be obtained via dietary intake and supplementation [5]. 
In circulation, it predominantly exists as 25(OH)D, which 
plays a fundamental role in mediating intestinal calcium 
absorption, maintaining skeletal integrity, and regulat-
ing various physiological processes [5, 6]. Epidemiologi-
cal studies examining the relationship between 25(OH)D 
levels and PCa incidence have yielded different outcomes. 
Initial investigations conducted before 2005 suggested 
a potential inverse relationship between serum 25(OH)
D concentrations and PCa prevalence [7]. In contrast, 
studies published between 2005 and 2015 largely failed 
to demonstrate any statistically significant correlation 
[8, 9]. More recent analyses (2015–2025), particularly 
those focusing on subgroups such as individuals with 
cardiovascular disease (CVD), have identified a positive 
association [10–12]. This variability in outcomes may 
reflect the influence of diverse factors, including differ-
ences in population demographics, ethnicity, geographi-
cal region, sample size, study design, and advancements 
in assay precision for 25(OH)D quantification. Although 
the causal relationship remains unknown, contemporary 
evidence of higher methodological quality increasingly 
supports a positive link between elevated 25(OH)D levels 
and PCa development.

Understanding the relationship between serum 25(OH)
D concentrations and PCa prevalence informs pub-
lic health guidance. This study aimed to investigate the 

association between 25(OH)D levels and PCa among 
middle-aged and older adults in the United States, utiliz-
ing cross-sectional data from NHANES spanning 2001 to 
2018.

Materials and methods
Study population
NHANES, a nationally representative survey, system-
atically evaluates the health and nutritional status of the 
non-institutionalized U.S. population by employing an 
extensive array of methodologies, including question-
naires, clinical examinations, laboratory testing, dietary 
assessments, and physical activity tracking. All par-
ticipants provided written informed consent after being 
briefed on the study’s objectives and procedures. The 
survey is administered by the National Center for Health 
Statistics (NCHS), within the Centers for Disease Control 
and Prevention (CDC). Its study protocol, including all 
data collection procedures, received approval from the 
NCHS Research Ethics Review Committee.

The NHANES database spanning 2001 to 2018 was 
queried for records pertaining to serum 25(OH)D con-
centrations and cases of PCa. From an initial cohort of 
103,977 individuals, exclusions were applied to women 
(n = 22,538) and those under 40 years of age (n = 61,425). 
Records lacking serum 25(OH)D measurements 
(n = 2,009) or PCa information (n = 16) were also omit-
ted. The final analytical dataset for this study was 17,989 
(Fig. 1).

Assessment of serum 25(OH)D levels and PCa
The serum 25(OH)D concentration—including both 
25(OH)D2 and 25(OH)D3—serves as the benchmark bio-
marker for evaluating vitamin D status [13]. In NHANES, 
serum 25(OH)D levels were measured from blood speci-
mens collected irrespective of participants’ fasting sta-
tus, adhering to standardized protocols outlined in the 
NHANES Laboratory Procedures Manual. From 2001 
to 2006, measurements employed the DiaSorin radioim-
munoassay (RIA) kit (Stillwater, MN, USA). Beginning 
with the 2007 cycle and continuing through 2018, quan-
tification was conducted using the more precise ultra-
high performance liquid chromatography–tandem mass 
spectrometry (UHPLC-MS/MS). Supplementary Table 
2 provided specific information on the limits of detec-
tion (LOD) for serum 25(OH)D. To enable comparison 
across survey cycles, the CDC implemented regression-
based calibration, converting RIA-derived values into 

Conclusion  In adults over 40 in the U.S., higher serum 25(OH)D concentrations were positively correlated with PCa 
prevalence, with cardiovascular disease potentially modifying this relationship. Regulating serum 25(OH)D levels may 
contribute to mitigating PCa prevalence.
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UHPLC-MS/MS equivalents [14]. Comprehensive doc-
umentation regarding this standardization process is 
accessible via the official CDC platform.

PCa status was designated as the dependent variable 
and was ascertained through a validated questionnaire. 
Responses to the items “Have you ever been told that you 
have cancer?” (MCQ220) and “What kind of cancer was 
it?” (MCQ230) were utilized to identify participants with 
a self-reported diagnosis of PCa.

Covariates
A comprehensive set of covariates was incorporated 
to mitigate confounding effects. These included demo-
graphic variables (age, race, poverty-to-income ratio 
[PIR], educational attainment, and marital status), life-
style factors (smoking status, alcohol intake, and physi-
cal activity), anthropometric indicators (body mass index 
[BMI] and waist circumference[WC]), clinical conditions 
(diabetes, hypertension, and CVD), and biochemical 
markers (albumin, cholesterol, creatinine, total bilirubin, 
total protein, and triglycerides).

Age was stratified into two categories: 40–60 years 
and ≥ 60 years. Race/ethnicity was categorized as Mexi-
can American, non-Hispanic white, non-Hispanic black, 
other Hispanic, or other unspecified groups. Educa-
tional attainment was divided into three levels: less than 
high school, high school graduate, and more than high 
school. Marital status was grouped into married/living 
with a partner, widowed/divorced/separated, and never 
married. PIR was classified into low (≤ 1.3), moderate 
(1.3–3.5), and high (> 3.5) categories. BMI was grouped 

as ≥ 30  kg/m², 25–30  kg/m², and < 25  kg/m². Individu-
als with hypertension met inclusion criteria if they had 
a clinical diagnosis, were prescribed antihypertensive 
medication, or presented with an average blood pres-
sure ≥ 140/90 mmHg [15]. Inclusion criteria for diabetes 
included a clinical diagnosis, antidiabetic medication use, 
fasting glucose ≥ 7.0 mmol/L, or HbA1c ≥ 6.5 mmol/L 
[16]. CVD was defined based on self-reported conditions 
such as congestive heart failure, coronary heart disease, 
angina, myocardial infarction, and stroke, consistent with 
definitions used in prior cohort studies [17]. Physical 
activity status was defined based on engagement in mod-
erate-to-vigorous leisure-time physical activity reported 
within the previous 30 days (NHANES 2001–2006) or 
over a typical week (NHANES 2007–2018). Participants 
reporting such activity were categorized as active; others 
were labeled inactive. Smoking status was categorized as 
non-smoker (fewer than 100 cigarettes in lifetime), cur-
rent smoker, or former smoker (cessation after smoking 
more than 100 cigarettes). Alcohol consumption was 
defined as non-drinker (≤ 12 drinks annually) or drinker 
(> 12 drinks annually).

Statistical analysis
Sampling weights provided by NHANES were applied to 
account for the complex multistage probability sampling 
design, thereby ensuring national representativeness of 
the non-institutionalized U.S. civilian population. Due to 
the limited number of participants diagnosed with PCa, 
multiple imputation was implemented to address missing 
covariate data, with the extent of missingness detailed in 

Fig. 1  Flow diagram of participant selection: Inclusion and exclusion criteria for the NHANES 2001–2018 analysis
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Characteristic 25(OH)D, nmol/L
Overall < 50 nmol/L 50–75 nmol/L 75–100 nmol/L ≥ 100 nmol/L p-Value

NO. 17,989 5110 7613 4108 1158
Age, Mean ± SD 61.1 ± 12.8 59.4 ± 12.4 60.9 ± 12.9 62.4 ± 12.9 65.3 ± 12.2 < 0.001
Age, n (%) < 0.001
  40–59 years 8255 (61.1) 2593 (65.7) 3546 (62.5) 1747 (59.4) 369 (47.6)
  ≥ 60 years 9734 (38.9) 2517 (34.3) 4067 (37.5) 2361 (40.6) 789 (52.4)
Race, n (%) < 0.001
  Mexican American 2474 (5.4) 938 (9.2) 1117 (5.8) 356 (2.9) 63 (1.5)
  Other Hispanic 1154 (3.8) 314 (5.1) 580 (4.5) 207 (2.1) 53 (2.36)
  Non-Hispanic White 9675 (77.0) 1608 (55.3) 4341 (78.4) 2919 (88.1) 807 (88.3)
  Non-Hispanic Black 3301 (8.1) 1826 (22.1) 1001 (5.6) 340 (2.8) 134 (3.3)
  Other Race 1385 (5.8) 424 (8.3) 574 (5.7) 286 (4.2) 101 (4.5)
Education, n (%) < 0.001
  < High school 4757 (15.7) 1625 (20.9) 1990 (15.7) 928 (12.9) 214 (11.5)
  High school 4076 (23.2) 1184 (24.3) 1654 (22.0) 946 (23.9) 292 (23.7)
  > High school 9136 (61.2) 2293 (54.8) 3962 (62.3) 2232 (63.2) 649 (64.8)
  Matrimony, n (%) < 0.001
Married/living with partner 13,091 (76.9) 3404 (69.0) 5757 (79.3) 3104 (79.5) 826 (75.2)
Widowed/divorced/separated 3650 (16.6) 1198 (21.1) 1430 (15.3) 761 (14.7) 261 (18.9)
Never married 1236 (6.5) 504 (9.9) 420 (5.4) 241 (5.8) 71 (5.9)
  PIR, Mean ± SD 3.4 ± 1.6 3.0 ± 1.6 3.4 ± 1.5 3.0 ± 1.5 3.7 ± 1.4 < 0.001
  PIR, n (%) < 0.001
  Low (< 1) 2379 (8.4) 864 (13.6) 960 (7.7) 451 (6.5) 104 (4.9)
  Medium (1–3) 6749 (30.9) 2097 (38.2) 2826 (30.5) 1442 (27.3) 384 (26.3)
  High (> 3) 7527 (60.7) 1747 (48.2) 3284 (61.8) 1925 (66.1) 571 (68.8)
Drinking status, n (%) 0.005
  No 3228 (16.6) 961 (20.7) 1327 (16.3) 726 (14.7) 214 (14.4)
  Yes 13,616 (83.4) 3741 (79.3) 5836 (83.7) 3173 (85.3) 866 (85.6)
Smoking status, n (%) < 0.001
  Never smoker 6992 (41.9) 1949 (41.1) 3040 (42.3) 1568 (40.4) 435 (43.0)
  Former smoker 7449 (39.5) 1761 (32.3) 3278 (40.2) 1886 (43.9) 524 (39.6)
  Current smoker 3535 (18.6) 1392 (26.7) 1291 (16.8) 654 (15.7) 198 (17.4)
Hypertension, n (%) 0.002
  No 8083 (51.0) 2146 (46.4) 3540 (51.8) 1918 (54.0) 479 (48.2)
  Yes 9899 (49.0) 2964 (53.6) 4068 (48.2) 2188 (46.0) 679 (51.9)
Diabetes, n (%) < 0.001
  No 13,782 (81.7) 3635 (75.1) 5992 (83.1) 3287 (84.3) 868 (82.2) < 0.001
  Yes 4207 (18.3) 1475 (24.9) 1621 (17.0) 821 (15.7) 290 (17.8)
CVD, n (%)
  No 14,437 (84.8) 4115 (83.8) 6154 (85.5) 3288 (85.3) 880 (82.1) 0.222
  Yes 3550 (15.2) 995 (16.2) 1457 (14.5) 820 (14.7) 278 (17.9)
Physical activity, n (%) < 0.001
  No 8625 (40.4) 2863 (51.3) 3510 (39.3) 1717 (34.5) 535 (38.8)
  Yes 9364 (59.6) 2247 (48.8) 4103 (60.8) 2391 (65.5) 623 (61.2)
BMI (kg/m2), Mean ± SD 29.0 ± 5.5 30.0 ± 6.6 29.2 ± 5.3 28.2 ± 4.8 27.7 ± 4.7 < 0.001
  BMI, n (%) < 0.001
    < 25 4255 (21.4) 1130 (19.8) 1683 (19.5) 1086 (23.7) 356 (28.4)
    25–30 7384 (43.1) 1853 (37.2) 3167 (42.5) 1851 (47.3) 513 (47.5)
    ≥ 30 5922 (35.4) 1956 (43.0) 2605 (38.0) 1094 (29.0) 267 (24.1)
25(OH)D(nmol/L), Mean ± SD 68.3 ± 23.3 38.9 ± 8.5 62.7 ± 6.9 84.9 ± 6.9 118.0 ± 19.8 < 0.001
WC, Mean ± SD 104.2 ± 14.0 106.2 ± 16.2 104.9 ± 13.6 102.6 ± 13.1 101.4 ± 12.6 < 0.001
TG, (mmol/L), Mean ± SD 2.0 ± 2.1 2.1 ± 3.4 2.0 ± 1.5 1.9 ± 1.7 1.6 ± 1.2 < 0.001
Cholesterol (mmol/L), Mean ± SD 5.1 ± 1.2 5.1 ± 1.3 5.2 ± 1.1 5.1 ± 1.1 5.0 ± 1.1 0.154

Table 1  Characteristics of the population categorized by serum 25(OH)D (weighted)
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Supplementary Table 1. All statistical analyses adhered to 
a two-sided significance threshold of p ≤ 0.05. Data pro-
cessing and analyses were conducted using R (version 
4.2.0) and freestatistics (version 1.9.2).

Baseline characteristics were compared across serum 
25(OH)D concentration categories (< 50 nmol/L, 50–75 
nmol/L, 75–100 nmol/L, ≥ 100 nmol/L), reflecting con-
ventional clinical reference thresholds. Continuous 
variables were summarized as means with standard devi-
ations (SD), while categorical variables were expressed 
as percentages. Weighted univariate and multivariate 
logistic regression models were employed to examine 
the independent association between serum 25(OH)
D levels and PCa prevalence. Model 1 was unadjusted. 
Model 2 incorporated adjustments for demographic 
variables, including age, race, marital status, educational 
attainment, WC, BMI, and PIR. Model 3 extended the 
adjustments to include behavioral and health-related 
factors—physical activity, alcohol intake, smoking sta-
tus, hypertension, diabetes, and CVD. Model 4 addition-
ally controlled for laboratory parameters—cholesterol, 
albumin, creatinine, total bilirubin, total protein, and 
triglycerides.

After adjusting for covariates in model 4, the associa-
tion between serum 25(OH)D levels and PCa was exam-
ined using restricted cubic spline (RCS) regression to 
model the linear trend. Effect modification was subse-
quently assessed across various subgroups, including age, 
race, education level, marital status, hypertension, diabe-
tes, CVD, smoking, and alcohol consumption status.

To assess the robustness of the results, several sensi-
tivity analyses were conducted. First, given the elevated 
incidence of PCa in older populations, the analysis was 
repeated in participants aged 60 years and above. Sec-
ond, participants with serum 25(OH)D concentra-
tions exceeding the mean by more than three SDs were 
excluded to minimize the influence of outliers. Third, 
a complete-case analysis was performed by removing 
individuals with missing covariate data to account for 
potential bias due to incomplete information. Lastly, 
considering the use of two distinct analytical techniques 

for measuring serum 25(OH)D, logistic regression mod-
els were independently applied to each measurement 
method to validate the consistency of associations across 
assay types.

Results
This study analyzed 17,989 male participants, with a 
mean age of 61.1 ± 12.8 years. Serum 25(OH)D con-
centrations ranged from 8.32 to 422 nmol/L, averaging 
68.3 ± 23.3 nmol/L. Compared with those with lower 25 
(OH) D levels, participants with higher 25 (OH) D lev-
els tended to be older (median age: 65.3 vs. 59.4 years), 
exhibited higher levels of physical activity (61.2% vs. 
48.8%), were more frequently married or cohabitat-
ing (75.2% vs. 69.0%), attained higher educational levels 
(64.8% vs. 54.8%), reported greater household income 
(68.8% vs. 48.2%), had lower alcohol consumption (17.4% 
vs. 26.7%), and demonstrated a reduced prevalence of 
diabetes (17.8% vs. 24.9%) (all p < 0.001). PCa was diag-
nosed in 3.3% (n = 848) of the total cohort. An incre-
mental increase in PCa prevalence was observed across 
ascending 25(OH)D categories (< 50 nmol/L: 2.6%, 50–75 
nmol/L: 2.7%, 75–100 nmol/L: 4.1%, ≥ 100 nmol/L: 5.7%; 
p < 0.001).

Univariate logistic regression (Table  2) revealed posi-
tive associations between PCa prevalence and the fol-
lowing variables: age ≥ 60 years (OR 22.0, 95% CI: 
13.25–36.57), waist circumference (OR 1.01, 95% CI: 
1.00–1.02), diabetes (OR 1.56, 95% CI: 1.16–2.10), hyper-
tension (OR 2.30, 95% CI: 1.73–3.06), middle-income 
status (OR 1.70, 95% CI: 1.09–2.66), and former smoking 
(OR 1.46, 95% CI: 1.11–1.91). In contrast, being unmar-
ried (OR 0.25, 95% CI: 0.15–0.41), current smoking (OR 
0.39, 95% CI: 0.24–0.61), elevated triglyceride levels (OR 
0.82, 95% CI: 0.74–0.91), higher albumin (OR 0.92, 95% 
CI: 0.89–0.96), and total protein concentrations (OR 0.96, 
95% CI: 0.93–0.99) were inversely associated with PCa 
prevalence (all p < 0.05).

A positive association between serum 25(OH)D lev-
els and PCa prevalence was observed in the unadjusted 
Model 1 (OR, 1.11; 95% CI: 1.06–1.16; p < 0.001). This 

Characteristic 25(OH)D, nmol/L
Overall < 50 nmol/L 50–75 nmol/L 75–100 nmol/L ≥ 100 nmol/L p-Value

TP (g/L), Mean ± SD 71.1 ± 4.6 71.6 ± 4.9 71.2 ± 4.4 70.9 ± 4.5 70.6 ± 4.5 < 0.001
CR (umol/L), Mean ± SD 92.2 ± 39.2 92.8 ± 58.7 90.6 ± 28.2 92.7 ± 33.1 97.5 ± 46.7 < 0.001
TB (umol/L), Mean ± SD 13.4 ± 5.7 12.9 ± 6.2 13.7 ± 5.2 13.6 ± 6.2 12.7 ± 5.0 < 0.001
Albumin (g/L), Mean ± SD 42.9 ± 3.1 42.1 ± 3.5 43.1 ± 3.0 43.2 ± 2.9 43.2 ± 3.4 < 0.001
Prostate cancer, n (%) < 0.001
  No 17,141 (96.7) 4911 (97.4) 7302 (97.3) 3866 (95.9) 1062 (94.3)
  Yes 848 (3.3) 199 (2.6) 311 (2.7) 242 (4.1) 96 (5.7)
Abbreviation: SD, standard deviation; BMI, body mass index; PIR, poverty income ratio; WC, waist circumference; TG, triglycerides; TP, total protein; CVD, cardiovascular 
disease; CR, creatinine; TB, total bilirubin

Table 1  (continued) 
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association persisted in Models 2, 3, and 4 after sequen-
tial adjustments for demographic, clinical, and labora-
tory confounders, with adjusted ORs of 1.07 (95% CI: 
1.02–1.12; p = 0.003), 1.07 (95% CI: 1.02–1.12; p = 0.009), 

and 1.07 (95% CI: 1.02–1.12; p = 0.007), respectively 
(Table 3). These estimates suggest a 7% increase in PCa 
prevalence for every 10-unit increment in 25(OH)D con-
centration. Elevated PCa prevalence was more frequently 
observed among individuals with serum 25(OH)D levels 
of 75–100 nmol/L and ≥ 100 nmol/L, compared to those 
with levels below 50 nmol/L. In Model 4, the ORs for the 
75–100 nmol/L and ≥ 100 nmol/L groups were 1.52 (95% 
CI, 1.04–2.22; p = 0.031) and 1.67 (95% CI, 1.06–2.63; 
p = 0.029), respectively. Importantly, the p-trend analy-
sis across clinical cutpoints (< 50, 50–75, 75–100, ≥ 100 
nmol/L) was statistically significant (p for trend = 0.007), 
indicating a dose-response relationship between ascend-
ing serum 25(OH)D categories and increased PCa preva-
lence. This linear association was further corroborated by 
restricted cubic spline analysis (Fig.  2), which showed a 
progressive rise in PCa probability with higher 25(OH)D 
levels (nonlinear P = 0.621).

Subgroup analysis was conducted to evaluate the asso-
ciation between serum 25(OH)D levels and PCa suscepti-
bility across diverse demographic and clinical categories. 
After adjusting for potential confounders, no statistically 
significant variation was identified among subgroups 
stratified by age, race, education level, marital status, 
hypertension, diabetes, alcohol intake, or smoking sta-
tus (Fig. 3). In contrast, a significant interaction emerged 
when stratified by CVD status (p for interaction = 0.03), 
with individuals in the CVD group demonstrating a more 
pronounced association between serum 25(OH)D levels 
and PCa prevalence (OR, 1.16; 95% CI, 1.08–1.24) com-
pared to those without CVD.

A consistent positive association between serum 
25(OH)D concentrations and PCa prevalence was 
observed across sensitivity analyses. Among participants 
aged ≥ 60 years (unweighted n = 9,734), this relation-
ship persisted whether age was modeled as a continu-
ous variable (OR, 1.06; 95% CI, 1.03–1.09; p < 0.001) or 
categorized by serum 25(OH)D levels (75–100 nmol/L: 
OR, 1.30; 95% CI, 1.05–1.62; ≥100 nmol/L: OR, 1.49; 95% 
CI, 1.13–1.97) (p for trend < 0.001) (Table  4). In the full 
cohort (all age groups), after excluding individuals with 
extreme 25(OH)D values (unweighted n = 17,820), the 
strength and direction of the association remained con-
sistent. The adjusted ORs for the 75–100 nmol/L and 
≥ 100 nmol/L categories were 1.35 (95% CI, 1.10–1.67; 
p < 0.01) and 1.62 (95% CI, 1.22–2.15; p < 0.01), respec-
tively (Table 4). Similarly, in the complete-case analysis of 
the full cohort (unweighted n = 14,904), a persistent posi-
tive association was observed between serum 25(OH)D 
concentrations and PCa prevalence for the ≥ 100 nmol/L 
group (OR, 1.54; 95% CI: 1.14–2.09; p < 0.01) (Table 4).

Stratified multivariable logistic regression, based on 
assay methodology (RIA: 2001–2006; UHPLC-MS/MS: 
2007–2018), further supported a consistent positive 

Table 2  Univariate logistic regression analysis of association 
between serum 25(OH)D and PCa prevalence (weighted)
Variable Prostate cancer

OR (95%CI) P-value
Age, n (%)
  40–59 years 1 (Reference)
  ≥ 60 years 22.0 (13.25 ~ 36.57) < 0.001
Race, n (%)
  Mexican American 1 (Reference)
  Other Hispanic 2.94 (1.37 ~ 6.27) 0.006
  Non-Hispanic White 3.71 (2.63 ~ 5.23) < 0.001
  Non-Hispanic Black 5.08 (3.56 ~ 7.24) < 0.001
  Other Race 2.17 (1.14 ~ 4.12) 0.019
Educationl, n (%)
  < High school 1 (Reference)
  High school 0.78 (0.55 ~ 1.10) 0.157
  > High school 0.84 (0.54 ~ 1.30) 0.423
Matrimony, n (%)
  Married/living with partner 1 (Reference)
  Widowed/divorced/separated 1.45 (1.00 ~ 2.09) 0.051
  Never married 0.25 (0.15 ~ 0.41) < 0.001
PIR, n (%)
  Low (< 1) 1 (Reference)
  Medium (1–3) 1.70 (1.09 ~ 2.66) 0.019
  High (> 3) 1.55 (0.99 ~ 2.43) 0.056
Drinking status, n (%)
  No 1 (Reference)
  Yes 0.67 (0.42 ~ 1.07) 0.091
Smoking status, n (%)
  Never smoker 1 (Reference)
  Former smoker 1.46 (1.11 ~ 1.91) 0.007
  Current smoker 0.39 (0.24 ~ 0.61) < 0.001
Hypertension, n (%)
  No 1 (Reference)
  Yes 2.30 (1.73 ~ 3.06) < 0.001
Diabetes, n (%)
  No 1 (Reference)
  Yes 1.56 (1.16 ~ 2.10) 0.003
WC (cm) 1.01 (1.00 ~ 1.02) 0.025
BMI (kg/m2) 0.99 (0.97 ~ 1.01) 0.398
Physical activity, n (%)
  No 1 (Reference)
  Yes 1.03 (0.75 ~ 1.41) 0.846
Triglycerides (mmol/L) 0.82 (0.74 ~ 0.91) < 0.001
Cholesterol (mmol/L) 0.91 (0.78 ~ 1.07) 0.237
Total protein (g/L) 0.96 (0.93 ~ 0.99) 0.015
Creatinine (umol/L) 1.00 (1.00 ~ 1.00) < 0.001
Total bilirubin (umol/L) 1.00 (0.98 ~ 1.03) 0.695
Albumin (g/L) 0.92 (0.89 ~ 0.96) < 0.001
Abbreviation: BMI, body mass index; PIR, poverty income ratio; WC, waist 
circumference; OR, odds ratio; 95% CI, 95% confidence interval;
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association between serum 25(OH)D levels and PCa 
prevalence in the UHPLC-MS/MS subsample. Com-
pared with the < 50 nmol/L reference group, the ≥ 100 
nmol/L group exhibited higher effect estimates across 
models: model 1 (OR = 2.68; 95% CI, 1.78–4.04), model 2 
(OR = 1.73; 95% CI, 1.09–2.76), model 3 (OR = 1.62; 95% 
CI, 1.01–2.60), and model 4 (OR = 1.63; 95% CI, 1.00–
2.65), all with significant trend tests (p for trend < 0.05) 
(Table S3). In contrast, no statistically significant rela-
tionship was identified in the 2001–2006 dataset based 
on RIA measurements (Table S3). This discrepancy may 
reflect greater variability associated with RIA, limited 
sample size, or distinct exposure profiles in earlier popu-
lations. Nevertheless, despite methodological differences, 
the direction of the effect estimates (OR > 1) aligns with 
results from the full cohort analysis.

Discussion
This large cross-sectional analysis involving 17,989 mid-
dle-aged and older adults in the U.S. identified a positive 
linear association between serum 25(OH)D concentra-
tions and PCa prevalence, with higher 25(OH)D levels 
correlating with increased odds of PCa (OR: 1.07; 95% CI: 
1.02–1.12; p = 0.007). Consistency across nonlinear mod-
eling, subgroup stratification, and sensitivity assessments 
reinforced the applicability of 25(OH)D as a potential 
indicator for PCa prevalence burden. Moreover, the pres-
ence of CVD appeared to modify the association between 
serum 25(OH)D and PCa prevalence, indicating a poten-
tial interaction effect.

Previous nested case-control investigations examining 
the association between serum 25(OH)D concentrations 
and PCa prevalence have produced inconsistent results. 
A study conducted in Finland reported an inversely lin-
ear association, where individuals in the lowest quartile 
(median 27.8 nmol/L) exhibited a significantly higher 
PCa prevalence compared to those in the highest quar-
tile (median 70.3 nmol/L) (nonadjusted OR 3.1 and 

adjusted OR 3.5) [7]. In contrast, data from a cohort of 
2,073 Nordic men, including 622 PCa cases, demon-
strated a non-linear, U-shaped association, indicating 
increased prevalence among participants with both low 
(≤ 19 nmol/L) and high (≥ 80 nmol/L) serum 25(OH)D 
levels [18]. Notably, both studies involved populations 
with relatively low mean 25(OH)D concentrations, such 
as an average of 51 ± 19.4 nmol/L reported among Nordic 
men [18]. These lower values may reflect regional dispari-
ties in sun exposure and dietary vitamin D intake [19], 
which could partially account for divergent prevalence 
trends when compared to cohorts with higher baseline 
25(OH)D status. Moreover, a meta-analysis including 
11 randomized clinical trials found no statistically sig-
nificant association between serum 25(OH)D levels and 
PCa prevalence, with a pooled odds ratio (OR) of 1.03 
(95% CI: 0.96–1.10; p = 0.41) comparing individuals in the 
highest versus lowest vitamin D quantiles [20]. Variability 
in study outcomes may largely stem from methodological 
differences, including heterogeneity in participant selec-
tion and sample size, inconsistent 25(OH)D thresholds, 
variations in follow-up duration, and insufficient adjust-
ment for confounding variables.

This study identified a positive association between 
elevated serum 25(OH)D concentrations and increased 
prevalence of PCa among individuals aged 40 years and 
older. A nested case–control study conducted in Norway, 
which followed 4,212 participants over a period exceed-
ing 10 years, reported a significant correlation between 
higher 25(OH)D levels and PCa incidence, with the asso-
ciation more pronounced during summer and autumn—
likely reflecting seasonal variations in sunlight exposure 
[21]. A meta-analysis including 21 controlled clinical 
studies, involving 11,941 PCa cases and 13,870 controls 
from Europe and North America, further demonstrated 
that higher circulating 25(OH)D levels were linked to a 
greater likelihood of PCa [22]. Similar patterns were cor-
roborated in other meta-analyses comprising diverse 

Table 3  Logistic regression analysis of the association between serum 25(OH)D and prostate cancer (weighted; unweighted 
n = 17,9894)
Variable Model 1 Model 2 Model 3 Model 4

OR(95% CI) P OR(95% CI) P OR(95% CI) P OR(95% CI) P
Per 10 nmol/L increase 1.11(1.06,1.16) < 0.001 1.07(1.02,1.12) 0.003 1.07(1.02,1.12) 0.009 1.07(1.02,1.12) 0.007
Clinical cut-offs
< 50 nmol/L 1 1 1 1
50–75 nmol/L 1.07(0.76,1.49) 0.711 1.07(0.75,1.54) 0.694 1.03(0.72,1.49) 0.855 1.04(0.71,1.50) 0.853
75–100 nmol/L 1.61(1.14,2.27) 0.007 1.57(1.07,2.29) 0.021 1.49(1.02,2.19) 0.041 1.52(1.04,2.22) 0.031
≥ 100 nmol/L 2.30(1.53,3.46) < 0.001 1.75(1.10,2.79) 0.018 1.67(1.05,2.65) 0.031 1.67(1.06,2.63) 0.029
p for trend < 0.001 0.006 0.012 0.007
Model 1: adjusted for no covariates

Model 2: adjusted for age, race, matrimony, education qualification, waist circumference, BMI, and PIR

Model 3: further adjusted (from model 2) for physical activity, drinking status, smoking status, hypertension, diabetes, and CVD

Model 4: further adjusted (from model 3) for cholesterol, albumin, creatinine, total bilirubin, total protein, triglycerides

Abbreviation: OR, odds ratio; 95% CI, 95% confidence interval; BMI, body mass index; PIR, poverty income ratio; CVD, cardiovascular disease
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study cohorts [10]. In the present analysis, the mean 
serum 25(OH)D concentration was 68.3 nmol/L, sur-
passing the ≥ 50 nmol/L threshold recommended by the 
National Academy of Medicine (US) [23]. These findings 
suggest that maintaining serum 25(OH)D levels within 
the range of 50–75 nmol/L may represent an optimal tar-
get. A notable increase in PCa prevalence was observed 
when serum 25(OH)D concentrations exceeded 75 
nmol/L (75–100 nmol/L group: OR 1.52, 95% CI 1.04–
2.22, p = 0.031; ≥100 nmol/L group: OR 1.67, 95% CI 

1.06–2.63, p = 0.029). In contrast, no elevated prevalence 
was detected within the 50–75 nmol/L range (OR 1.04, 
95% CI 0.71–1.50, p = 0.853). Routine clinical monitor-
ing of serum 25(OH)D is advisable to prevent sustained 
levels exceeding 75 nmol/L. Consistent with previous 
protocols, two distinct assay techniques were utilized to 
quantify serum 25(OH)D levels [24]. Sensitivity analy-
ses revealed that the LC-MS/MS method more effec-
tively identified associations between 25(OH)D and PCa 
compared to the traditional RIA assay, emphasizing the 

Fig. 2  Restricted cubic spline regression analysis of the dose-response relationship between serum 25(OH)D levels and PCa prevalence. Note: The lower 
limit of detection (LOD) of the 25(OH)D assay was 3.75 nmol/L for 2001–2006 and 2.03 nmol/L for 2007–2018
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Fig. 3  Forest plot of association between serum 25(OH)D and PCa. Subgroup analysis was stratified by age, race, education qualification, matrimony, 
hypertension, and diabetes, smoking status, alcohol consumption and cardiovascular disease (CVD). Note: Hypertension: Confirmed diagnosis, antihy-
pertensive medication use, or average blood pressure ≥ 140/90 mmHg; Diabetes: Clinical diagnosis, drug use, fasting blood glucose ≥ 7.0 mmol/L, or 
glycosylated hemoglobin ≥ 6.5 mmol/L; CVD: Classified as congestive heart failure, coronary heart disease, angina/angina pectoris, heart attack, or stroke
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influence of measurement precision in nutritional epi-
demiological studies. Although statistical significance 
was not reached within the RIA subgroup, all point esti-
mates (full cohort, RIA subgroup, MS subgroup) aligned 
in direction (OR > 1), suggesting a consistent trend across 
methodologies that is not entirely confounded by mea-
surement error.

Although the mechanisms underlying the positive 
association between 25(OH)D levels and PCa prevalence 
remain unresolved, the observed relationship aligns with 
current biological evidence. First, Miller et al. reported 
that 1-ɑ,25-(OH)2D3 promoted the proliferation of PCa 
cells in a dose-dependent manner through its interaction 
with specific biologically active receptors [25]. At physio-
logical concentrations, it enhanced cellular proliferation, 
whereas supra-physiological levels induced differentia-
tion [25]. Second, findings from molecular and epidemio-
logical research suggest that the development of PCa is 
influenced by single nucleotide polymorphisms in mul-
tiple genes [26, 27]. The physiological actions of vitamin 
D are mediated primarily through the vitamin D recep-
tor (VDR) and its downstream target genes [28]. Variants 
within the VDR gene have been linked to increased sus-
ceptibility to PCa [29–32]. One of the primary endocrine 
roles of 25(OH)D and VDR involves the regulation of 

metabolic pathways, particularly those governing energy 
homeostasis [33]. Given that activated innate and adap-
tive immune cells demand substantial energy resources 
[34], vitamin D and VDR are recognized as key modula-
tors of immune function [35]. Because the signaling cas-
cades that regulate cell proliferation, differentiation, and 
apoptosis are shared by both immune and malignant cells 
[36], it is plausible that vitamin D may play a role in the 
progression of PCa. Finally, disruptions in vitamin D sig-
naling pathways have been observed in various malignan-
cies, potentially contributing to PCa pathogenesis [37]. 
Nonetheless, the precise biological processes through 
which vitamin D operates in humans remain unclear, and 
additional prospective studies are needed to clarify its 
involvement in PCa progression.

This study has some notable strengths. First, the analy-
sis utilizes data derived from the nationally representa-
tive NHANES database, enabling broader applicability of 
the results to populations beyond the U.S. context. Addi-
tionally, the implementation of sampling weights and 
the adjustment for a wide range of potential confound-
ers enhances the robustness and validity of the statistical 
inferences.

Despite these strengths, several limitations merit con-
sideration. First, although multiple confounding variables 
are adjusted for, the possibility of residual confounding 
cannot be excluded. Serum 25(OH)D is assessed through 
a single time-point measurement, which may not accu-
rately reflect long-term vitamin D status; moreover, 
seasonal fluctuations in vitamin D levels are not incorpo-
rated into the analysis, potentially introducing temporal 
bias. Second, reliance on self-reported PCa diagnosis, 
while generally valid for cancer identification, lacks pre-
cision regarding diagnostic timing and clinical staging 
[38]. Third, the asymptomatic nature of early-stage PCa 
may contribute to underdiagnosis, especially in popula-
tions with restricted access to routine health evaluations, 
resulting in incomplete case identification. The elevated 
PCa prevalence observed among individuals with CVD 
may, in part, reflect more intensive diagnostic surveil-
lance within this group, as frequent clinical follow-ups 
increase the likelihood of cancer detection. Unexpect-
edly higher ORs in subgroups such as non-smokers, 
non-drinkers, and younger individuals may stem from 
disparities in screening frequency-those with healthier 
lifestyles tend to engage more consistently in preventive 
health practices, thereby raising the probability of early 
PCa detection. Consequently, the observed associations 
may partially reflect differential diagnostic exposure 
rather than underlying biological variation. Fourth, the 
categorization of physical activity and alcohol intake—
derived from predefined NHANES questionnaire items—
lacks precision and may overlook variability in individual 
behavior patterns. Fifth, although multiple imputation 

Table 4  Logistic regression analysis of the association between 
serum 25(OH)D and PCa (unweighted)
Participants aged ≥ 60 years (n = 9,734)
Variable Adjusted OR 95% CI P P for trend
Per 10 nmol/L increase 1.06 1.03,1.09 < 0.001
Clinical cut-offs
< 50 nmol/L 1 < 0.001
50–75 nmol/L 0.96 0.79,1.17 0.69
75–100 nmol/L 1.30 1.05,1.62 0.02
≥ 100 nmol/L 1.49 1.13,1.97 < 0.01
Excluding participants with extreme serum 25(OH)D levels 
(n = 17,820)
Per 10 nmol/L increase 1.08 1.04,1.11 < 0.001
Clinical cut-offs
< 50 nmol/L 1 < 0.001
50–75 nmol/L 0.97 0.80,1.18 0.80
75–100 nmol/L 1.35 1.10,1.67 < 0.01
≥ 100 nmol/L 1.62 1.22,2.15 < 0.01
Excluding participants missing values for covariates (n = 14,904)
Per 10 nmol/L increase 1.07 1.04,1.10 < 0.001
Clinical cut-offs
< 50 nmol/L 1 < 0.01
50–75 nmol/L 0.91 0.74,1.14 0.42
75–100 nmol/L 1.25 0.98,1.58 0.07
≥ 100 nmol/L 1.54 1.14,2.09 < 0.01
Adjusted for age, race, matrimony, education, waist circumference, BMI, PIR, 
physical activity, drinking status, smoking status, hypertension, diabetes, CVD, 
cholesterol, albumin, creatinine, total bilirubin, total protein, and triglycerides

Abbreviation: OR, odds ratio; 95% CI, 95% confidence interval; BMI, body mass 
index; PIR, poverty income ratio; CVD, cardiovascular disease
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was applied to address missing covariate data (Table 
S1), this method relies on the assumption that data are 
missing at random. If the absence of data correlates with 
unobserved factors, the imputation process could intro-
duce systematic bias. Furthermore, due to limitations 
inherent to the NHANES database, information on clini-
cal staging and treatment details of PCa cases is unavail-
able, impeding stratified analyses of how serum 25(OH)
D levels may relate to PCa progression. Lastly, the cross-
sectional design restricts the ability to infer causality 
between serum 25(OH)D concentrations and PCa preva-
lence, highlighting the need for longitudinal research to 
validate this association.

Conclusion
In summary, elevated serum 25(OH)D concentrations 
are found to be positively associated with PCa prevalence 
among middle-aged and older adults in the U.S. The 
observed association raises concerns about the potential 
adverse implications of excessive 25(OH)D levels for PCa 
prevalence, particularly among individuals with concom-
itant CVD. Validation through prospective cohort stud-
ies is necessary to confirm these findings and clarify the 
underlying mechanisms.
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