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Context:  Although an inverse association between vitamin D status and mortality has been 
reported in observational studies, the precise association shape and optimal vitamin D status 
remain undetermined.

Objective:  To investigate the association between vitamin D status and risk of all-cause 
and cause-specific mortality and estimate optimal serum 25-hydroxyvitamin D [25(OH)D] 
concentrations.

Design:  Prospective cohort study.

Setting:  UK Biobank.

Participants:  365 530 participants who had serum 25(OH)D measurements and no history of 
cardiovascular disease (CVD), cancer, or diabetes at baseline (2006-2010).

Main outcome measures:  All-cause and cause-specific mortality.

Results:  During a median follow-up of 8.9 (interquartile range: 8.3-9.5) years, 10 175 deaths 
occurred, including 1841 (18.1%) due to CVD and 5737 (56.4%) due to cancer. The multivariate 
analyses revealed nonlinear inverse associations, with a decrease in mortality risk appearing 
to level off at 60 nmol/L of 25(OH)D for all-cause and CVD deaths and at 45 nmol/L for cancer 
deaths. Compared to participants with 25(OH)D concentrations below the cutoffs, those with 
higher concentrations had a 17% lower risk for all-cause mortality (hazard ratio [HR]: 0.83, 95% 
confidence interval [CI]: 0.79-0.86), 23% lower risk for CVD mortality (HR: 0.77, 95% CI: 0.68-
0.86), and 11% lower risk for cancer mortality (HR: 0.89, 95% CI: 0.84-0.95).
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interval.
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Conclusions:  Higher 25(OH)D concentrations are nonlinearly associated with lower risk of 
all-cause, CVD, and cancer mortality. The thresholds of 45 to 60 nmol/L might represent 
an intervention target to reduce the overall risk of premature death, which needs further 
confirmation in large clinical trials. (J Clin Endocrinol Metab 105: e3606–e3619, 2020)
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A s an essential micronutrient, vitamin D is mainly 
derived from biosynthesis in the skin from sun ex-

posure, and some is absorbed from diet and supplement 
use (1). Beyond its well-established roles in calcium 
homeostasis and bone health, vitamin D has shown 
anti-inflammatory, anti-proliferative, anti-oxidative, 
and immunomodulatory effects in laboratory studies, 
which may underlie its benefits for various nonskeletal 
diseases (2).

Supplemental vitamin D has been viewed as a 
potential strategy for preventing common chronic 
illness, including cardiovascular disease (CVD) and 
cancer (3,4). However, clinical data examining the 
effect of vitamin D supplementation on mortality 
remain inconclusive. Previous systemic reviews and 
meta-analyses of randomized controlled trials (RCT) 
suggested that vitamin D supplementation had a small 
beneficial effect on all-cause mortality (5-7). In a re-
cent meta-analysis of 52 trials with a total of 75 454 
participants, vitamin D supplementation was not as-
sociated with all-cause or CVD mortality, but was as-
sociated with a 16% lower risk of cancer mortality 
(8). Indeed, many of the trials had different treatment 
regimens and dosing intervals (daily, weekly, monthly, 
or bolus doses) and were limited by relatively short 
follow-up and small proportions of participants 
with low enough vitamin D levels to benefit from 
supplementation.

Previous meta-analyses of prospective cohort studies 
suggested inverse associations of vitamin D status, as-
sessed by circulating 25-hydroxyvitamin D [25(OH)
D] concentrations, with all-cause and/or cause-specific 
mortality (9-14). However, a large degree of hetero-
geneity has been observed in the meta-analyses due to 
variations of the included studies in the duration of 
follow-up, the categories of 25(OH)D, and the ability 
to control for confounding variables. Particularly, 
25(OH)D concentrations differ noticeably across assay 
methods (15,16), and the meta-analyses are commonly 
constrained by a lack of standardized serum 25(OH)
D data. More important, no consensus has emerged on 
the optimal serum 25(OH)D concentrations. According 
to current guidelines, the recommended concentrations 
vary from 25 nmol/L to >100 nmol/L (17).

To assess the association between vitamin D status 
and mortality risk in greater detail, we therefore used 

the UK Biobank, a large prospective cohort study, with 
recently released standardized data on baseline bio-
chemistry measurements of serum 25(OH)D, to inves-
tigate the associations of 25(OH)D concentrations with 
mortality from all causes, CVD, cancer, and other causes 
and estimate the thresholds for serum 25(OH)D with 
respect to the different outcomes.

Methods

Study population
We included participants from UK Biobank, a pro-

spective cohort study consisting of approximately half a mil-
lion people (aged 37-73  years) recruited across the United 
Kingdom between 2006 and 2010 (18). These participants 
attended 1 of 22 assessment centers in England, Wales, and 
Scotland, where they completed baseline questionnaires, 
underwent various physical assessments, and reported med-
ical conditions. During the baseline assessment visit, 45 mL 
of blood were collected and transported overnight by com-
mercial courier to a central laboratory. Upon arrival, samples 
were immediately centrifuged and aliquoted into cryotubes 
as plasma, serum, white cells, and red cells stored in ultra-
low temperature archives (19).

In the current analysis, we excluded participants who 
had a self-reported history of CVD, cancer, or diabetes at 
the time of blood draw and those who had no available 
data on 25(OH)D concentrations or covariates. In total, 
365  530 participants were included in the final analysis 
(Fig. 1).

Figure 1.  Flow chart of study participants. CVD, cardiovascular 
disease.
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Assessment of 25(OH)D
Details about serum biomarker measurements and assay 

performances have been described in the online UK Biobank 
Showcase (http://biobank.ndph.ox.ac.uk/showcase/show-
case/docs/serum_biochemistry.pdf). Briefly, serum con-
centrations of 25(OH)D were measured in UK Biobank’s 
purpose-built facility using a direct competitive chemilu-
minescent immunoassay method based on DiaSorin Liaison 
XL Analyzer (Diasorin S.p.A), with a detection range of 
10 to 375 nmol/L. The average coefficients of variation of 
25(OH)D derived from internal quality control samples of 
known high, medium, and low concentrations were 5.04%, 
5.39%, and 6.14%, respectively. Moreover, the assay of 
serum 25(OH)D was registered with an external quality as-
surance scheme (RIQAS Immunoassay Specialty 1) to verify 
accuracy. The external quality assurance results showed that 
100% of participated distributions (n = 108) were good or 
acceptable.

Ascertainment of mortality outcomes
Dates and causes of death were obtained from death certifi-

cates held by the National Health Service Information Centre 
(England and Wales) and the National Health Service Central 
Register Scotland (Scotland) from baseline until January 31, 
2018 (20). Primary causes of mortality were defined using the 
10th revision of the International Statistical Classification of 
Diseases (ICD-10). The primary outcomes of the current study 

included all-cause mortality and 2 leading cause-specific mor-
tality (ie, mortality due to CVD [ICD-10 I00-I79] and mor-
tality due to cancer [ICD-10 C00-C97]).

Ascertainment of covariates
Information on education degree, lifestyle factors, medical 

history, medication and supplement use, and dietary intake 
were collected using a touch-screen, self-completed ques-
tionnaire at the baseline assessment visit for UK Biobank. 
Fasting status were categorized by yes or no according to 
fasting time ≥8 or <8  h. Seasons of blood draw were cat-
egorized by the months attending assessment centers: spring 
(March, April, May), summer (June, July, August), autumn 
(September, October, November), and winter (December, 
January, February). Height and body weight were measured 
by trained nurses at baseline, and body mass index (BMI) was 
calculated as weight in kilograms divided by height in meters 
squared. Physical activity was measured as total metabolic 
equivalent task-minutes per week for all activity including 
walking and moderate and vigorous activity. Further details 
of covariate measurements can be found in the UK Biobank 
online protocol (http://www.ukbiobank.ac.uk).

Statistical analysis
Person-time was calculated for each participant from the 

date of attending an assessment center to the date of death 
or the date of last follow up (January 31, 2018 for England 

Table 1.  Baseline characteristics of participants according to deciles of serum 25(OH)D concentrations

Characteristics

Serum 25(OH)D Concentrations

Decile 1 (10–22.7 nmol/L) Decile 5 (41.5–47.2 nmol/L)
Decile 10 (76.7– 
340.0 nmol/L)

N 36 373 36 952 36 551
Age, mean (SD), y 53.66 (8.05) 55.83 (8.10) 56.48 (8.11)
Follow-up time, mean (SD), y 8.73 (1.11) 8.85 (1.04) 8.86 (1.04)
Female, n (%) 19 739 (54.27) 20 273 (54.86) 20 124 (55.06)
White race, n (%) 30 254 (83.67) 35 505 (96.37) 36 150 (99.14)
College or university degree, n (%) 13 741 (38.27) 12 607 (34.42) 10 486 (28.92)
Smoking status, n (%)    
  Never 19 964 (55.14) 21 047 (57.12) 20 004 (54.92)
  Previous 10 087 (27.86) 12 344 (33.50) 13 220 (36.29)
  Current 6153 (17.00) 3459 (9.39) 3201 (8.79)
Alcohol drinking, n (%)    
  Never 3195 (8.81) 1292 (3.50) 828 (2.27)
  Previous 1722 (4.75) 1079 (2.92) 955 (2.61)
  Current 31 359 (86.45) 34 552 (93.58) 34 742 (95.12)
Body mass index, mean (SD), kg/m2 28.14 (5.55) 27.31 (4.54) 25.72 (3.74)
Physical activity, mean (SD), MET-min/w 2152.64 (2488.54) 2625.93 (2666.87) 3278.30 (2998.02)
Prevalent hypertension, n (%) 8959 (24.75) 8850 (24.00) 8226 (22.54)
Family history of CVD, n (%) 19 606 (57.39) 20 712 (58.96) 20 326 (58.24)
Family history of cancer, n (%) 11 785 (33.47) 13 068 (36.09) 13 208 (36.73)
Season of blood draw, n (%)    
  Spring 15 831 (43.52) 10 843 (29.34) 6079 (16.63)
  Summer 2867 (7.88) 9744 (26.37) 15 032 (41.13)
  Autumn 4568 (12.56) 9197 (24.89) 11 922 (32.62)
  Winter 13 107 (36.03) 7168 (19.40) 3518 (9.62)
Regular vitamin D supplements, n (%) 540 (1.50) 1336 (3.63) 2429 (6.67)
Regular multivitamin supplements, n (%) 4025 (11.15) 8235 (22.37) 11 348 (31.16)
Regular aspirin use, n (%) 2961 (8.29) 3172 (8.68) 3516 (9.70)

The Kruskal-Wallis 1-way analysis of variance test for continuous variables and the Chi-squared test for categorical variables were used to calculate 
the P values across the decile groups of 25(OH)D. The variables listed all had a P value < 0.005. 
Abbreviations: CVD, cardiovascular disease; MET, metabolic equivalent, SD, standard deviation.
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and Wales, and November 30, 2016 for Scotland). We used 
multivariate cubic regression splines with 4 knots to visually 
explore nonlinear associations of serum 25(OH)D concen-
trations with all-cause and cause-specific mortality. A cutoff 
value was defined as the point where the curve started to level 
off. A  likelihood ratio test was used to compare the model 
with only the linear term of 25(OH)D concentrations to the 
model with both the linear and the cubic spline terms, with a 
P value < 0.05 denoting significant nonlinearity.

The association between 25(OH)D and mortality was 
analyzed using Cox proportional hazard models. Hazard 
ratios (HR) and 95% confidence intervals (CI) for each de-
cile of 25(OH)D were calculated, with the lowest decile as 
the reference. Model 1 was adjusted for age at blood draw, 
sex, ethnicity, season of blood draw, and fasting status; Model 

2 was further adjusted for college or university degree, BMI, 
smoking status, alcohol drinking, physical activity, family his-
tory of CVD/cancer, prevalent hypertension, and, for women, 
menopause status and hormone replacement therapy; and 
Model 3 was additionally adjusted for regular use of vitamin 
D/multivitamin/aspirin, and dietary factors including salad or 
raw vegetable, fresh fruit, oily fish, and processed meat intake. 
We also conducted the analyses using defined cutoffs. For site-
specific cancers with death counts over 200, we performed sec-
ondary analyses to evaluate the association between 25(OH)D 
and cancer-specific mortality.

Stratified analyses were conducted using cutoffs according 
to age at blood draw (≤55, >55  years), sex (male, female), 
season of blood draw (spring, summer, autumn, winter), 
BMI (<25, 25–30, ≥30 kg/m2), smoking status (never, former, 

Figure 2.  Nonlinear inverse associations of serum 25(OH)D concentrations with all-cause (A), cardiovascular disease (B), cancer (C), and other 
(D) mortality. The associations were examined by multivariate Cox regression models based on restricted cubic splines. Participants with 25(OH)
D concentrations above 150 nmol/L were excluded (n = 140). Solid line represents estimates of hazard ratios and dashed lines represent 95% 
confidence intervals.
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current), alcohol drinking (never, former, current), physical ac-
tivity (≤median, >median), regular vitamin D supplementation 
(yes, no), and follow-up time (≤5, >5 years) in the fully ad-
justed model. To investigate potential effect modification by 
these stratification variables, we used a likelihood ratio test 
comparing the models with and without interaction terms be-
tween 25(OH)D concentrations and each of the stratification 
variables.

Sensitivity analyses were performed by excluding indi-
viduals who died within 2  years after the blood draw and 
excluding the participants with overall poor self-rated health 
in baseline questionnaires. We used SAS 9.4 for all analyses. 
All statistical tests were 2-sided, and P < 0.05 was defined as 
statistically significant.

Results

The median follow-up period was 8.9 years (interquartile 
range: 8.3-9.5 years). Of 365 530 participants, 10 175 
died, including 1841 (18.1%) from CVD, 5737 (56.4%) 
from cancer, and 2597 (25.5%) from other causes.

Table 1 summarizes the main characteristics of par-
ticipants by deciles of serum 25(OH)D concentrations. 
Participants with higher 25(OH)D had a lower BMI 
and higher levels of physical activity and tended to use 
vitamin D or multivitamins; they were less likely to be 
current smokers or have prevalent hypertension. In add-
ition, participants who had their blood draw in summer 
and autumn were more likely to have higher 25(OH)D 
concentrations than those in spring and winter.

Figure  2 shows a nonlinear inverse relationship of 
25(OH)D concentrations with all-cause and cause-
specific mortality of CVD, cancer, and other causes (all 
P values for nonlinearity  <  0.0001). Decreasing mor-
tality risk for increasing 25(OH)D concentrations was 
observed up to around 60 nmol/L for all causes, CVD, 
and other causes and around 45  nmol/L for cancer, 
above which there was no further decrease.

Table  2 shows the association between 25(OH)D 
and all-cause, CVD, cancer, and other mortality. In the 
fully adjusted models, compared to the lowest decile 
(10.0-22.7  nmol/L), the other decile groups showed 
statistically significant HRs ranging from 0.80 to 0.53 
for all-cause mortality, 0.82 to 0.46 for CVD mortality, 
0.90 to 0.71 for cancer mortality, and 0.66 to 0.31 
for other mortality. Compared to participants with 
25(OH)D <60 nmol/L, those with ≥60 nmol/L had a 
17% lower risk of all-cause mortality (HR: 0.83, 95% 
CI: 0.79–0.86), 23% lower risk of CVD mortality (HR: 
0.77, 95% CI: 0.68-0.86), and 34% lower risk of other 
mortality (HR: 0.66, 95% CI: 0.60-0.73). For cancer 
mortality, an 11% lower risk (HR: 0.89, 95% CI: 
0.84-0.95) was observed when comparing 25(OH)D 
≥45 nmol/L to <45 nmol/L. In cancer-specific analysis, C
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participants with 25(OH)D ≥45 nmol/L had an 18% 
lower risk for lung cancer mortality (HR: 0.82, 95% 
CI: 0.72-0.93), as compared to those with <45 nmol/L 
(Table 3).

Figure  3 shows the forest plot results of stratified 
analyses. The associations of 25(OH)D with all-cause, 
CVD, cancer, and other mortality were largely con-
sistent across subgroups, with several exceptions. Effect 
modification by sex, smoking status, physical activity, 
and follow-up time was observed for all-cause mor-
tality (all Ps for interaction < 0.05), and the HRs were 
stronger in males, physically active individuals, current 
smokers, and those with a follow-up time over 5 years.

Sensitivity analyses showed that the aforementioned 
associations remained after excluding 964 individuals 
who died within 2 years after the blood draw (Table 4) 
or excluding 10 504 individuals who self-rated overall 
poor health at baseline assessments (Table 5).

Discussion

In this large prospective cohort study, we observed 
nonlinear inverse associations between serum 25(OH)D 
concentrations and risk of all-cause and cause-specific 
mortality. The decreasing risk of all causes, CVD, and 
other causes mortality appeared to level off at 60 nmol/L 
of 25(OH)D, and the risk of cancer mortality reached a 
plateau at around 45 nmol/L. Comprehensive stratified 
and sensitivity analyses supported the robustness of the 
observed associations. These findings suggest that 45 to 
60 nmol/L of 25(OH)D might represent potential inter-
vention thresholds for reducing premature death risk, 
which needs to be confirmed in future large RCTs.

Although many observational studies have revealed 
a nonlinear inverse association between 25(OH)D con-
centrations and all-cause mortality risk (9,10,12), the 
precise shape of the 25(OH)D–mortality curve remains 
unclear. A few studies reported a possible U-shaped or 
reverse J-shaped curve (14,21,22), while others did not 
(11,23). A possible explanation for the U-shaped associ-
ation could be that participants with very high 25(OH)D 
were taking vitamin D supplements due to poor health, 
leading to a spurious association between high 25(OH)
D concentrations and mortality (24). In addition, initial 
analysis of NHANES III (the Third National Health and 
Nutrition Examination Survey) found a reverse J-shaped 
association between 25(OH)D and all-cause mortality, 
with a strong inverse association below 40 nmol/L and 
a weak increased risk above 120  nmol/L (21); how-
ever, after standardization of 25(OH)D concentrations 
using the Vitamin D Standardization Program (VDSP) 
protocols (https://ods.od.nih.gov/Research/vdsp.aspx), 
there was no increased nor decreased mortality risk C
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at high 25(OH)D concentrations, which highlighted 
the importance of standardization methodology when 
interpreting published results (25). Consistently, in the 
most recent meta-analysis of 26 916 individuals with 
VDSP-standardized 25(OH)D data from a European 
consortium, no apparent excess of mortality risk was 
observed at high 25(OH)D levels (≥125 nmol/L) (12). 
In line with the standardized laboratory measurement 
proposed by VDSP, the UK Biobank used a rigorous 
protocol to ensure the accuracy and comparability 
of 25(OH)D measurements. Our analysis indicated a 
nonlinear curve with a decrease in all-cause mortality 
risk up to 60 nmol/L, above which the risk plateaued. 
These findings together support no clear indication of 
high vitamin D status leading to increased mortality.

Furthermore, there is still a debate on the threshold 
for optimal 25(OH)D concentrations. In the systematic 
reviews by Bischoff-Ferrari et al, the desirable concen-
trations in relation to various outcomes including mor-
tality began at 75 nmol/L for the entire adult population 
(26,27), in agreement with the recommendation by the 
International Osteoporosis Foundation (28) and the 
Endocrine Society (29). However, based on bone health, 
the Institute of Medicine considered 50  nmol/L to be 
sufficient (30). Indeed, there is scare evidence from clin-
ical trials to help determine the optimal concentrations 
for mitigating mortality risk, and it is difficult to obtain 
without a multiple-dose design in a large population with 
a long follow-up. A meta-analysis of 14 prospective co-
hort studies reported the optimal concentrations in the 
range of 75 to 87.5 nmol/L for all-cause mortality (14), 
whereas a following meta-analysis of 32 observational 
studies suggested above 90  nmol/L (11). Most of the 
included studies performed statistical analyses on mor-
tality risk according to a few 25(OH)D categories, and 
the variations in sample size, follow-up duration, and 

assay methods may contribute to the inconsistency. In 
our current analysis of a large sample size, a threshold 
of 60 nmol/L was observed for all-cause mortality, con-
sistent with the results from 2 prospective cohort studies 
conducted in Norway and Sweden, respectively (31,32). 
It is noteworthy that the prevalence of 25(OH)D con-
centrations below 60 nmol/L was 71.1% among the UK 
Biobank participants. Whether a target ≥60 nmol/L can 
reduce the overall risk of premature death in this popu-
lation needs to be confirmed in future clinical trials.

Consistent with most of observational studies and 
meta-analyses (33,34), we found a nonlinear inverse 
association between serum 25(OH)D and CVD mor-
tality. Decreasing risk of CVD mortality was previ-
ously described up to 75, 80, or 90 nmol/L of 25(OH)
D (33,35,36) and in our study, 60  nmol/L, beyond 
which there was no further decrease. However, data 
from clinical trials of vitamin D supplementation (7,37) 
and Mendelian randomization (38-40) did not sup-
port the preventive effects of vitamin D against CVD 
death. Additionally, a trial sequential meta-analysis by 
Bolland et  al suggested that vitamin D supplementa-
tion with or without calcium did not reduce skeletal 
or nonskeletal outcomes including CVD in unselected 
community-dwelling individuals (6). A  possible ex-
planation of the null findings for vitamin D supple-
mentation is the lack of sufficient sample size with low 
enough vitamin D status. For example, only 13% of 
participants in the Vitamin D and Omega-3 Trial and 
25% in the Vitamin D Assessment study had 25(OH)
D concentrations <50 nmol/L at baseline (37,41). The 
beneficial effects of vitamin D supplementation on CVD 
mortality may only emerge in those with severe vitamin 
D deficiency (42). As for Mendelian randomization 
studies, they assumed a linear, rather than nonlinear, as-
sociation between 25(OH)D and CVD mortality, thus 

Figure 3.  Forest plots of stratified analysis of the associations between serum 25(OH)D concentrations (≥cutoff vs <cutoff [ref]) and the risk of all-
cause and cause-specific mortality.
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probably leading to underestimation of any true effect 
estimates. Furthermore, the common genetic variants 
used in those studies only explain a small proportion 
(around 5%) of the variation in serum 25(OH)D levels 
(43), and the genetic-predicted distribution of 25(OH)
D may not extend to low enough concentrations for 
identifying an association with CVD (44). Laboratory 
studies suggest that vitamin D may exert its cardiovas-
cular effects including regulating the renin-angiotensin 
system, inhibiting vascular smooth muscle cell prolif-
eration, and having anti-inflammatory, antifibrotic and 
antithrombotic properties (45).

With respect to cancer mortality, our observation 
of an inverse association with 25(OH)D is consistent 
with previous meta-analyses of observational studies 
(10,46,47) and a Mendelian randomization study (39). 
Moreover, meta-analyses of RCTs also found that vitamin 
D supplementation resulted in a decrease in cancer mor-
tality (7,8,48). However, few studies have explored the 
threshold for 25(OH)D in relation to cancer mortality. 
In contrast to an inverse association below 45 nmol/L 
observed in our analysis, a German population-based 
cohort study reported optimal 25(OH)D concentrations 
for cancer mortality at around 75 nmol/L (33). The in-
consistency might be partly explained by the differ-
ences in numbers of cancer deaths and the association 
magnitude for different cancers with 25(OH)D. With a 
much larger number of site-specific cancer deaths, the 
current study revealed nonlinear inverse associations 
for lung cancer mortality. In addition, compared to the 
lowest decile of 25(OH)D, certain higher decile groups 
were associated with lower risk of colorectal cancer 
and esophageal cancer mortality. Consistently, a com-
bined analysis of three Danish cohort studies reported 
that low 25(OH)D concentrations were associated with 
higher risk of lung cancer mortality (39), and the results 
from NHANES III suggested an inverse association for 
colorectal cancer mortality (49,50). Functional evidence 
from several types of cancer cell lines (including lung 
and colorectal cancers) and mice xenograft models sup-
ports an important role of vitamin D in suppressing cell 
proliferation and tumor growth, promoting apoptosis 
and autophagy, and enhancing DNA repair, antioxi-
dant protection, and immunomodulation (51). Vitamin 
D deficiency may disrupt molecular pathways of these 
biological activities and therefore promote malignant 
transformation and metastasis.

Our analysis has several strengths. First, 25(OH)D 
concentrations were determined by a standard, reliable 
method, allowing for detailed dose-response analysis 
and determination of clinically meaningful thresholds. 
Second, the large sample size and a large number of 

deaths based on the National Health Service death rec-
ords provided sufficient power to detect nonlinear asso-
ciations in the overall population and also allowed for 
the analyses on site-specific cancer mortality. Third, we 
were able to adjust for a wide range of demographic, life-
style, health, and dietary factors. Several limitations also 
need to be considered. First, reverse causality cannot be 
excluded. However, all participants with baseline CVD, 
cancer, and diabetes were removed from the analysis, 
and our sensitivity analyses supported the robustness of 
the findings. The stronger associations in participants 
with a longer follow-up (≥5  years) also argue against 
reverse causation. Second, given the lack of repeated 
25(OH)D measurements, we were unable to analyze the 
relationship between dynamic 25(OH)D concentrations 
and mortality. However, existing evidence shows that a 
single measurement can provide an adequate measure of 
longer-term vitamin D status (52). Third, since most of 
the UK Biobank participants were of white origin, the 
results from this study may not be generalizable to other 
populations.

Conclusions

The current study indicates that serum 25(OH)D con-
centrations are nonlinearly associated with lower risk 
of all-cause mortality and mortality due to CVD, cancer, 
and other causes. The thresholds of 45 to 60 nmol/L of 
25(OH)D might represent a potential target to lower 
the risk of premature death. RCTs are required to test 
our hypothesis.
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