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ARTICLE

Abstract

Background: Experimental and epidemiological studies suggest a protective role for vitamin D in colorectal carcinogenesis,
but evidence is inconclusive. Circulating 25-hydroxyvitamin D (25(OH)D) concentrations that minimize risk are unknown.
Current Institute of Medicine (IOM) vitamin D guidance is based solely on bone health.

Methods: We pooled participant-level data from 17 cohorts, comprising 5706 colorectal cancer case participants and 7107 con-
trol participants with a wide range of circulating 25(OH)D concentrations. For 30.1% of participants, 25(0H)D was newly mea-
sured. Previously measured 25(0H)D was calibrated to the same assay to permit estimating risk by absolute concentrations.
Study-specific relative risks (RRs) for prediagnostic season-standardized 25(0OH)D concentrations were calculated using condi-
tional logistic regression and pooled using random effects models.

Results: Compared with the lower range of sufficiency for bone health (50-<62.5 nmol/L), deficient 25(0OH)D (<30 nmol/L) was
associated with 31% higher colorectal cancer risk (RR = 1.31, 95% confidence interval [CI] = 1.05 to 1.62); 25(0OH)D above
sufficiency (75-<87.5 and 87.5-<100 nmol/L) was associated with 19% (RR = 0.81, 95% CI = 0.67 to 0.99) and 27% (RR = 0.73,
95% CI = 0.59 to 0.91) lower risk, respectively. At 25(0OH)D of 100 nmol/L or greater, risk did not continue to decline and was
not statistically significantly reduced (RR = 0.91, 95% CI = 0.67 to 1.24, 3.5% of control participants). Associations were
minimally affected when adjusting for body mass index, physical activity, or other risk factors. For each 25 nmol/L increment
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in circulating 25(0OH)D, colorectal cancer risk was 19% lower in women (RR = 0.81, 95% CI = 0.75 to 0.87) and 7% lower in men
(RR =0.93, 95% CI = 0.86 to 1.00) (two-sided Preterogeneity by sex = -008). Associations were inverse in all subgroups, including
colorectal subsite, geographic region, and season of blood collection.

Conclusions: Higher circulating 25(0OH)D was related to a statistically significant, substantially lower colorectal cancer risk in
women and non-statistically significant lower risk in men. Optimal 25(0OH)D concentrations for colorectal cancer risk reduc-
tion, 75-100 nmol/L, appear higher than current IOM recommendations.

Vitamin D, obtained through sun exposure, natural and fortified
foods, and dietary supplements, is hypothesized to lower colo-
rectal cancer risk via antiproliferative, pro-apoptotic, and anti-
angiogenic properties (1). Many prospective cohort studies have
reported a non-statistically significant lower risk of colorectal
cancer with higher prediagnostic concentrations of 25-hydroxy-
vitamin D (25(OH)D), the accepted measure of vitamin D status
(2). However, because individual studies have used different
assays and laboratories, and vitamin D concentrations differ no-
ticeably across assay methods (3), these studies, and the meta-
analyses that combine them, are unable to explore the vitamin
D-colorectal cancer relationship on the same absolute scale.
Further, individual studies have had limited power to examine
associations by sex and other population characteristics (4). The
relatively few randomized clinical trials (RCTs) of vitamin D
supplementation and colorectal cancer or adenoma have not
demonstrated statistically significant effects (5,6); but study
size, duration and timing of supplementation, and compliance
may have contributed to the null findings (5,7). In addition, the
RCTs could not evaluate a wide range of vitamin D exposures.

In 2011, the Institute of Medicine (IOM; now the National
Academy of Medicine) concluded that evidence of vitamin D
benefits for cancer was insufficient to inform Dietary Reference
Intakes for vitamin D and that more research was needed. Of
the cancers, the most evidence for a protective role for vitamin
D existed for colorectal cancer, but IOM experts stated that the
dose-response relationship was speculative. Therefore, IOM
based its dietary intake recommendations and suggestions
for circulating 25(0H)D concentrations solely on bone health
research (8).

To leverage the variation in circulating 25(OH)D across popu-
lations and to identify optimal concentrations for colorectal
cancer risk reduction, we examined the association between cir-
culating 25(0OH)D and subsequent colorectal cancer incidence in
17 prospective cohorts participating in the international
Circulating Biomarkers and Breast and Colorectal Cancer
Consortium. We harmonized and pooled participant-level data
and based all 25(0H)D measures on a single, widely accepted as-
say and laboratory. This approach facilitated the examination
of colorectal cancer risk over a wide range of absolute 25(0H)D
blood concentrations and permitted comparison of our findings
with public health recommendations.

Methods

Study Design

Seventeen cohorts participated in this pooling project (Table 1)
(9-25). Prospective studies were eligible for inclusion if they had
prediagnostic 25(0H)D data or stored prediagnostic blood sam-
ples for at least 50 male or 50 female colorectal cancer case
participants. Control participants were selected using incidence
density sampling and were matched on sex, age, date of blood
draw, and other study-specific factors (Supplementary

Methods, available online); most were matched one control par-
ticipant per case participant. Men and women in the same co-
hort were analyzed separately. Each cohort and the consortium
received approval from its respective institutional review board.

25(0OH)D Assays

For the eight cohorts without circulating 25(0OH)D data (30.1% of
participants), 25(0H)D was measured for case and control par-
ticipants at Heartland Assays, LLC (Ames, IA), using a direct,
competitive chemiluminescence immunoassay. Laboratory per-
sonnel were blinded to case-control participant status. For the
other nine cohorts that had previously assayed 25(OH)D,
25(0OH)D measurements were calibrated to the Heartland Assays
immunoassay. For each of these studies, approximately three
control participants were selected within each decile of the
25(0OH)D distribution, re-assayed at Heartland Assays, and used
to calibrate the previously measured 25(0OH)D data for the study
using robust linear regression (Supplementary Methods, avail-
able online) (26). Each assay batch included blinded quality con-
trol samples from individual studies and National Institute of
Standards and Technology (NIST) standard reference materials.
Coefficients of variation, including within- and between-batch
variability, were 5%-13% for the study-specific quality controls
and 16%, 9%, and 9%, respectively, for the NIST reference mate-
rials at 17.7, 32.3, and 49.8 nmol/L.

Data Collection

Each cohort provided participant-level data on demographic,
lifestyle, and medical risk factors, ascertained close to the time
of blood collection and before diagnosis, and for case partici-
pants, tumor subsite and stage. All variables were harmonized
centrally to create uniform definitions across studies.

Outcome

First primary colorectal cancers (International Classification of
Diseases for Oncology codes: C18.0, C18.2-C18.9) were ascer-
tained via medical or health insurance record review, linkage
with population-based cancer registries, self-report, and/or
follow-up with physicians or next of kin.

Statistical Analysis

To adjust for seasonal variation in circulating 25(CH)D, for each
study, we regressed 25(0OH)D concentrations in control partici-
pants on week of blood draw using sine-cosine functions (27). A
season-standardized value for each participant was calculated
by adding the participant’s residual from the regression to the
study-specific predicted mean in control participants (regres-
sion intercept). This value represents the participant’s circulat-
ing 25(OH)D averaged over the entire year according to the
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seasonal variation observed in the individual study. All reported
25(0OH)D values are season-standardized unless otherwise
noted.

Circulating 25(0OH)D concentrations were categorized using
consortium-wide sex-specific quintiles based on the distribu-
tion in control participants, or IOM-suggested cut-points (8).
Restricted cubic spline analyses using aggregated models,
which combined all studies into a single data set and analyzed
them together while controlling for study, indicated that the
25(0OH)D-colorectal cancer association was consistent with line-
arity (Pnonlinearity > -05). Therefore, we also modeled circulating
25(0OH)D as a continuous variable.

A two-stage approach was used to estimate pooled relative
risks (RRs). Study-specific log relative hazards were calculated
by conditional logistic regression for the nested case-control
studies (28) and then combined using random effects models
(29). Model 1 was conditioned on study-specific matching fac-
tors. Model 2 also included body mass index (BMI) and physical
activity. The fully adjusted model (model 3) additionally in-
cluded established and suspected colorectal cancer risk factors
(Supplementary Methods, available online). Dietary factors, in-
cluding calcium, fiber, folate, and red and processed meat, were
considered but had negligible impact on results and were there-
fore not included in the final model.

Heterogeneity among studies was evaluated using the Q sta-
tistic (29,30). Wald statistics for trend used the median 25(0H)D
of each category. Effect modification by colorectal cancer risk
factors, season of blood draw, geography, and time between
blood draw and diagnosis was evaluated using meta-regression
(31); differences by cancer subsite were assessed using a con-
trast test (32). Additional study methods are provided in the
Supplementary Methods (available online).

All P values were based on two-sided tests and considered
statistically significant if the P value was less than .05. Analyses
were conducted using SAS version 9.3 (Cary, NC).

Results

This analysis included 5706 colorectal cancer case participants
and 7107 control participants from prospective cohorts in the
United States (n = 11), Europe (n = 5), and Asia (n = 1) (Table 1).
Overall, 50.6% of participants were women and most were white
(83.9%). Median (10th-90th percentile) age at blood draw was 60
(48-72) years, and median time from blood draw to diagnosis
was 5.5 (1-15) years. Median circulating 25(OH)D in control par-
ticipants, after calibration and season standardization, was 56
(31-85) nmol/L overall, 54 (29-83) nmol/L in women, and 58 (34—
86) nmol/L in men. Among the cohorts that had previously mea-
sured 25(0OH)D, calibrated, season-standardized medians ranged
from 27.6% lower to 41.9% higher than the original 25(0H)D.

As 25(0OH)D measurements from each study were based on
the same assay, we created consortium-wide sex-specific quin-
tiles to take advantage of the wide range of circulating 25(0H)D
across studies. We used the third quintile as the referent to
avoid excluding the one study with no case participants in the
lowest quintile in the pooled analyses (Table 2). In a conditional
logistic regression model with no added covariates (model 1),
participants in the lowest 25(0H)D quintile had a 23% higher
risk of colorectal cancer (RR = 1.23, 95% confidence interval [CI]
=1.06 to 1.43), and those in the highest quintile had a 21% lower
risk (RR = 0.79, 95% CI = 0.68 to 0.92) (quintile cut-points pro-
vided in Table 2). Adjustment for BMI and physical activity
(Model 2) minimally impacted the risk estimates. In the model

including all recognized nondietary colorectal cancer risk fac-
tors plus alcohol consumption (Model 3), these associations per-
sisted. Participants in quintiles 1 and 5 had 15% higher (RR =
1.15, 95% CI = 0.97 to 1.38) and 22% lower risks (RR = 0.78, 95% CI
= 0.65 to 0.94), respectively, than quintile 3 (Pyena < .001).
Excluding one study at a time revealed that no individual study
substantially influenced the results (data not shown). The in-
verse trend was statistically significant in women (Peng < .001)
and weaker and not statistically significant in men (Piena = -20).
The difference by sex was most apparent at high 25(0H)D con-
centrations (Peterogeneity by sex = -/2 and .02 in the first and fifth
quintiles, respectively).

Sensitivity analyses with finer adjustment for both physical
activity (which included only the 11 studies with sufficiently de-
tailed information) and BMI minimally changed the pooled rela-
tive risks (data not shown). After excluding the first two years of
follow-up (18.7% of participants) to evaluate the potential influ-
ence of preclinical disease, results were similar (17% higher risk
for quintile 1, 20% lower risk for quintile 5) (data not shown).

Results were similar in two-stage analyses using random
effects and fixed effects models and in aggregated analyses
(Supplementary Table 1, available online). Aggregated analyses
permitted directly comparing extreme quintiles as all studies,
even those not contributing case participants to the reference
group, could be included. The pooled RR comparing quintile 5
with quintile 1 from aggregated analyses was 0.71 (95% CI = 0.62
to 0.81) (Supplementary Table 1, available online).

When circulating 25(0H)D concentrations were categorized
using absolute cut-points based on those suggested by IOM for
bone health (8), control participants were distributed as follows:
25(0CH)D <30 nmol/L: 8.8%; 30-<40 nmol/L: 13.4%; 40-<50 nmol/
L: 16.5%; 50-<62.5 nmol/L: 23.2%; 62.5-<75 nmol/L: 18.9%;
75-<87.5 nmol/L: 10.5%; 87.5-<100 nmol/L: 5.0%; and >100
nmol/L: 3.5%. A statistically significant 31% higher risk (RR =
1.31, 95% CI = 1.05 to 1.62) (Figure 1, Table 3) was observed at
25(0OH)D concentrations of less than 30 nmol/L, levels consid-
ered deficient, compared with 50-<62.5 nmol/L, the lower range
of sufficiency (IOM defines sufficiency as 50-<75 nmol/L) (8).
Circulating 25(0OH)D concentrations of 75-<87.5 and 87.5-<100
nmol/L, ranges considered beyond sufficiency, were associated
with statistically significant 19% (RR = 0.81, 95% CI = 0.67 to
0.99) and 27% (RR = 0.73, 95% CI = 0.59 to 0.91) lower risks of
colorectal cancer, respectively. For 75-<100 nmol/L 25(OH)D, the
risk was 22% lower (RR = 0.78, 95% CI = 0.67 to 0.92). However, at
concentrations of 100 nmol/L or greater, risk did not continue
to decline (RR = 0.91, 95% CI = 0.67 to 1.24, 3.5% of control
participants).

In continuous models, each 25 nmol/L increase in circulating
25(0OH)D was associated with a statistically significantly lower
risk of colorectal cancer in women and men combined (RR =
0.87, 95% CI = 0.82 to 0.92) and in women (RR = 0.81, 95% CI =
0.75 to 0.87), and with a non-statistically significantly lower risk
in men (RR = 0.93, 95% CI = 0.86 to 1.00, Ppeterogeneity by sex = -008)
(Table 2).

Nearly all of the individual study relative risks for a 25 nmol/L
increment in 25(0OH)D were inverse, but only five reached statisti-
cal significance (Figure 2), whereas the pooled relative risk was
highly statistically significant (P = 3.4x107). Associations per a 25
nmol/L increase in 25(0OH)D were not statistically significantly dif-
ferent across subpopulations defined by demographic and life-
style factors, season of blood collection, geographical location, or
time from blood draw to diagnosis (Figure 3). Similar statistically
significant inverse associations were observed for colon and rec-
tal cancer. Associations appeared stronger for proximal
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Insufficiency; Sufficiency

0 20 40 60 80 100 120
Circulating 25(OH)D, in nmol/L
No. of case participants

A. Overall 735 908 1061 1259 896 464 208 175
B. Women 468 499 568 649 410 181 100 73
C. Men 267 409 493 610 486 283 108 102

Figure 1. Pooled multivariable relative risks (RRs; indicated by open symbols) and 95% confidence intervals (Cls; indicated by vertical lines) of colorectal cancer accord-
ing to categories of season-standardized circulating 25-hydroxyvitamin D (25(0OH)D) concentrations (A) overall, (B) in women, and (C) in men. 25(0OH)D categories corre-
spond to Institute of Medicine (IOM) recommendations for bone health: deficiency was defined as <30 nmol/L; insufficiency includes 30-<40 and 40-<50 nmol/L;
sufficiency includes 50-<62.5 (referent) and 62.5-<75 nmol/L; and beyond sufficiency includes 75-<87.5, 87.5-<100, and >100 nmol/L. The RR (95% CI) for each category
is plotted at the median concentration of 25(0H)D among control participants in that category. The RRs for 75-<100 nmol/L, relative to 50-<62.5 nmol/L, are 0.78 (95%
CI =0.67 to 0.92) overall, 0.67 (95% CI = 0.54 to 0.83) for women, and 0.90 (95% CI = 0.68 to 1.18) for men (not shown in figure). Models were conditioned on study-specific
matching factors, including date of blood draw and age, and were additionally adjusted for body mass index, physical activity, race, family history of colorectal cancer,
alcohol consumption, smoking status, aspirin and/or nonsteroidal anti-inflammatory drug use, and, in women, menopausal status and menopausal hormone therapy.
See the Supplementary Methods (available online) for individual studies excluded in specific 25(0OH)D categories due to low numbers of participants. Two-sided Pyena
value was calculated using a continuous variable based on the median 25(0OH)D in each category. 25(0OH)D = 25-hydroxyvitamin D; CI = confidence interval; IOM =
Institute of Medicine.
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compared with distal colon cancer, but results were not statisti- 30 nmol/L, considered deficient for bone health by the IOM, was
cally significantly different (Figure 3; Supplementary Table 2, associated with a 31% greater risk of colorectal cancer compared
available online). with 50-<62.5 nmol/L, the lower range of 25(OH)D considered

sufficient for bone health (8). Colorectal cancer risk was lower at
25(0OH)D concentrations higher than those considered sufficient

Discussion for bone health: 19% and 27% lower risk for 75-<87.5 and 87.5-

<100 nmol/L, respectively. At 25(0H)D concentrations of 100
In this international collaborative analysis of participant-level nmol/L or greater, risk did not continue to decline. However,
data for 5706 colorectal cancer case participants and 7107 con- 25(OH)D concentrations of 100 nmol/L or greater were observed
trol participants, colorectal cancer risk decreased steadily and in only 3.5% of control participants; thus risk estimates for high
statistically significantly with increasing prediagnostic circulat- 25(CH)D were imprecise. In continuous models, relative risks

ing 25(OH)D up to 100 nmol/L. Circulating 25(OH)D of less than below 1.0 were observed in all subpopulations examined,
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Studies
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WHS, women —a— 0.77 (0.61 to 0.97)
EPIC, women —— 0.73 (0.58 t0 0.92)
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Relative risk

Figure 2. Study-specific and pooled multivariable relative risks (RRs; indicated by solid squares and diamonds, respectively) and 95% confidence intervals (Cls; indi-
cated by horizontal lines) of colorectal cancer per 25 nmol/L increment in season-standardized circulating 25-hydroxyvitamin D (25(0H)D). The size of the square is
proportional to the inverse of the variance of the study-specific RR. Full cohort names are listed in Table 1. An RR of 1.0, marked by the vertical line, indicates no associ-
ation. Models were conditioned on study-specific matching factors, including date of blood draw and age, and were additionally adjusted for body mass index, physical
activity, race, family history of colorectal cancer, alcohol consumption, smoking status, aspirin and/or nonsteroidal anti-inflammatory drug use, and, in women, meno-
pausal status and menopausal hormone therapy. Two-sided Pheterogeneity Value for between-studies heterogeneity was calculated using the Q statistic. CI = confidence

interval; RR = relative risk.

including those defined by sex, colorectal subsite, geographic
region, and season of blood collection. However, there was a
statistically significant interaction by sex whereby the inverse
association in women was stronger than that in men, most no-
tably at higher circulating 25(OH)D.

Previous meta-analyses of prospective cohorts have
reported statistically significant reductions in colorectal cancer
risk for “high” vs “low” 25(0OH)D (22,33) but have not taken into
account the high variability in 25(0H)D measurements across
assays and laboratories used in the included studies (3). In
2017, the World Cancer Research Fund/American Institute for
Cancer Research Continuous Update Project, which reviewed
data from 11 cohorts with prediagnostic circulating 25(OH)D,
considered evidence for the role of vitamin D in colorectal car-
cinogenesis to be “limited” (2). Our consortium chose a single,
widely accepted 25(0OH)D assay for all new measurements, cali-
brated old measurements to the chosen assay, and adjusted
for seasonal variation in vitamin D levels using a standardized
approach across studies. This approach, still rare in pooled
analyses of circulating biomarkers, enabled us to 1) generate
exposure-risk relationships over a wide 25(0OH)D range and 2)
evaluate risk by 25(0OH)D concentrations relevant to public pol-
icy. In addition, our standardized approach to harmonizing
and analyzing primary participant-level data from all cohorts

allowed us to control for confounding and examine risk sub-
groups and tumor subtypes uniformly, something not possible
in meta-analyses.

At its initiation, this consortium included nearly all pub-
lished prospective studies on 25(0H)D and colorectal cancer risk
(nine cohorts), and then it expanded the study population by
43.0% by assaying 25(0OH)D in eight additional cohorts (9-25).
Four studies published after the initiation of our project (34-37)
reported inverse associations, consistent with our findings.
Each study included 225 or fewer case participants, and risk
estimates were non-statistically significant. Similarly, results
for continuous 25(0OH)D from all but five of the individual stud-
ies participating in our consortium did not reach statistical sig-
nificance. However, the pooled result was highly statistically
significant (P = 3.4x107), demonstrating the value of pooling
data.

The relatively few RCTs of supplemental vitamin D and colo-
rectal cancer or adenoma have not demonstrated statistically
significant effects. In the largest RCT, the Women’s Health
Initiative (WHI), 400 IU vitamin D and 1000 mg calcium/d did
not lower colorectal cancer risk in postmenopausal women (5).
However, low dose, limited adherence, and absence of pre- and
postintervention 25(0H)D data for all participants complicate
interpretation of results (7). In addition, only 322 colorectal
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Strata No. of case participants RR (95% CI) P het by study P heterogeneity
Sex Women 2948 0.81(0.75 to 0.87) .82 ——
Men 2758 0.93 (0.86 to 1.00) .50 —e— .008
Age at blood draw <60 years 2649 0.88 (0.81 to 0.96 .31 ——
260 years 3009 0.86 (0.79 to 0.94 .06 —— .58
Age at diagnosis <67 years 2755 0.84 (0.76 to 0.92) .28 ——
267 years 2908 0.89 (0.81 to 0.99) .04 —— .34
Race White 4912 0.88 (0.84 to 0.93) ——i
Black 161 0.72 (0.50 to 1.03) k g d
Asian 466 0.84 (0.67 to 1.06) L a g J .54
Body mass index <25 kg/m? 2310 0.83 (0.77 to 0.90) .65 ——
225 kg/m? 3293 0.89 (0.82 to 0.98) .04 —— 19
Physical activity Low 1472 0.89 (0.80 to 0.99) 42 ——
Medium 1834 0.84 (0.74 to 0.95) .02 ——
High 1318 0.81 (0.73 to 0.90) .71 —— 48
Menopausal status Premenopausal 282 0.97 (0.67 to 1.40 .15 g
Postmenopausal 2235 0.81 (0.75 t0 0.88 77 —— .27
Menopausal hormone therapy Current use 444 0.74 (0.59 to 0.92) 21+ 4 J
No current use 1573 0.81(0.74 to 0.89) .88 —— .67
Dietary calcium Below median 2505 0.84 (0.75 to 0.94) .04 —e—
Above median 2287 0.86 (0.80 to 0.94) .57 —e— .75
Smoking status Never 2232 0.84 (0.77 to 0.91) 43 —e—
Ever 3374 0.89 (0.84 to 0.95) 46 —e—i .56
Alcohol intake None 1310 0.83 (0.75 to 0.93) 51 ——
Low 1971 0.87 (0.78 t0 0.97) .10 ——
High 1610 0.83 (0.75 to 0.92) .63 —e—i 69
Season of blood draw Summer 1409 0.93 (0.84 to 1.02) .88 ——
Winter 1331 0.81 (0.70 to 0.93) 18 —_—— A3
Latitude <35° 651 0.87 (0.75 to 1.01 .76 ——
35-42° 1888 0.82 (0.75 to 0.90 .32 —e—
>42° 3034 0.88 (0.81 to 0.97 15 —— .57
Region us. 3016 0.84 (0.79 to 0.90) .50 —e—
Outside U.S. 2690 0.91(0.81to 1.01) .21 —— .87
25(0H)D data Calibrated 3780 0.90 (0.83 t0 0.97) .20 ——i
Newly measured 1926 0.82 (0.75 to 0.89) .70 —e— .84
Tumor stage il 2715 0.84 (0.78 t0 0.92) 41 ——
mnnv 1991 0.88 (0.79 to 0.98) .30 —— .55
Colorectal subsite Colon 4166 0.87 (0.81 to 0.94) 12 ——
Rectum 1392 0.82 (0.69 to 0.96) 15 —_— 48
Colon subsite Proximal 2163 0.81(0.73 to 0.90 A7 ——
Distal 1551 0.93 (0.81 to 1.08 .16 —— A3
Time to diagnosis <2 years 949 0.82 (0.67 to 1.00) .26 | JEE—
>2-5 years 1493 0.78 (0.69 to 0.89 .7 —_——
>5 years 3077 0.90 (0.81 to 0.99 .03 —— .09
I 1
0.5 1.0 1.5

Relative risk (RR)

Figure 3. Pooled multivariable relative risks (RRs; indicated by solid diamonds) and 95% confidence intervals (95% Cls; indicated by horizontal lines) of colorectal cancer
per 25 nmol/L increment in season-standardized circulating 25-hydroxyvitamin D (25(0H)D) stratified by demographic, lifestyle, and other factors and tumor character-
istics. An RR of 1.0, marked by the vertical line, indicates no association. Summer- and winter-specific RRs were not standardized by season. Conditional models were
used for stratified analyses by sex, age at diagnosis, region, 25(0H)D data, tumor stage, colorectal and colon subsite, and time to diagnosis. These models were condi-
tioned on study-specific matching factors, including date of blood draw and age, and were additionally adjusted for body mass index, physical activity, race, family his-
tory of colorectal cancer, alcohol consumption, smoking status, aspirin and/or nonsteroidal anti-inflammatory drug use, and, in women, menopausal status and
menopausal hormone therapy, except in models stratified by that variable. Unconditional models, which were used for the remaining stratified analyses, were ad-
justed for study-specific matching factors including date of blood draw and age, and the covariates listed above. See the Supplementary Methods (available online) for
individual studies excluded in specific strata due to low numbers of participants (n < 25). Pheterogeneity value for between-studies heterogeneity was calculated using the
Q statistic, except for race. Due to small numbers of nonwhites within most individual cohorts, analyses stratified by race were conducted using aggregated data, ad-
justed for study. Pheterogeneity Value for heterogeneity across strata, except for race, tumor stage, and subsite, was calculated using meta-regression. Statistical signifi-
cance for interaction by race was assessed using a Wald test. Evaluation of common effects by tumor stage and subsite was assessed using a contrast test. All
statistical tests are two-sided. CI = confidence interval; RR = relative risk.
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cancers were diagnosed during the trial. Other RCTs of vitamin
D supplementation had smaller numbers of colorectal cancer
outcomes (n = 2-158) (38). In a recent RCT, colorectal adenoma
recurrence was not reduced by 1000 IU/d of vitamin D (with or
without 1200 mg/d calcium) after three to five years (6). Five
RCTs of high supplemental vitamin D doses (>2000 IU/d) in men
and women are currently ongoing (39). We anticipate that our
current analysis, with precise estimates for colorectal cancer
risk over a wide range of circulating 25(0OH)D, will inform the in-
terpretation of RCTs by suggesting the 25(0OH)D concentrations
at which colorectal cancer incidence is likely reduced.

Although an inverse association between circulating
25(0OH)D and colorectal cancer risk was noted in both women
and men, a provocative finding of this research is the stronger
association observed in women, particularly at high 25(OH)D
concentrations. The difference by sex was evident in the major-
ity of cohorts that included both sexes. Earlier prospective ob-
servational studies hinted at a more pronounced association in

women than men, but evidence was too limited to draw firm
conclusions (4). The strength of some other colorectal cancer
risk factors, such as obesity-related factors, has been found to
differ by sex (40). Previous reports suggested that estrogen
might influence vitamin D activity (41,42), and a reanalysis of
the Women’s Health Initiative RCT indicated that supplemental
vitamin D and calcium was associated with lower colorectal
cancer risk only among women not randomly assigned to re-
ceive exogenous estrogen (43). However, we observed no effect
modification by menopausal hormone therapy or menopausal
status at the time of blood draw among women in our study, al-
though the number of premenopausal participants was limited.
The biological explanation for the more pronounced inverse as-
sociation in women than men that we observed at high 25(0H)D
concentrations is unclear and merits additional laboratory and
epidemiologic research.

Vitamin D is best known for its critical role in regulating cal-
cium homeostasis and bone mineral metabolism (8), but strong
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mechanistic evidence supports its importance in colorectal car-
cinogenesis (1,44). Experimental (45) and pilot trial data (44) re-
port antiproliferative, pro-differentiation, and pro-apoptotic
effects of vitamin D. The nuclear vitamin D receptor (VDR), pre-
sent in many tissues including the large bowel, influences ex-
pression of 3%-5% of the human genome (1), including many
genes involved in cell cycle regulation. Circulating 25(0H)D is
the precursor to the active form of vitamin D (1,25(0CH),D),
which binds to VDR to modulate gene transcription. Local syn-
thesis and degradation of 1,25(0H),D by the enzymes CYP27B1
and CYP24A1, respectively, occurs in an autocrine/paracrine
fashion in many tissues, including colorectal mucosa. In human
rectal mucosa, vitamin D supplementation upregulates
CYP27B1 and CYP24A1 expression and modulates expression of
the adenomatous polyposis coli gene (APC) and cell cycle regu-
lation pathways (44). Additional potential mechanisms for vita-
min D activity specific to the large bowel include promoting
detoxification of DNA-damaging lithocholic acid (46) and im-
proving gut mucosal integrity (47) and immunity (48).

Strengths of this study include harmonization of
participant-level data on exposures and outcomes from 17
cohorts and analysis with a common statistical approach,
thereby removing the potential heterogeneity present in meta-
analyses of the published literature. The vast majority of the
prospective data on circulating 25(0H)D and colorectal cancer
available worldwide have been included, markedly reducing the
potential for publication bias. Our calibration of previously col-
lected 25(0OH)D measurements to the same widely accepted as-
say and laboratory used for the new measurements enabled us
to control for assay differences across studies and examine risk
on the same absolute scale. Our approach permitted a more
comprehensive examination of vitamin D-colorectal cancer
relationships in population subgroups, by tumor subsites, and
across the range of 25(0OH)D concentrations than possible in in-
dividual studies or meta-analyses. Only studies that collected
blood samples before colorectal cancer diagnosis were included,
which reduced the possibility of the disease altering circulating
25(0H)D.

We have also considered potential limitations of our study.
Both obesity and physical inactivity are independent colorectal
cancer risk factors and are inversely correlated with circulating
25(0OH)D (49). However, adjustment for both variables, even us-
ing finer categorizations available for a subset of studies, had
minimal impact on our results. Further, adjustment for estab-
lished colorectal cancer risk factors, including dietary factors,
did not attenuate risk estimates. Minimal confounding by ac-
cepted risk factors adds to our confidence in the validity of our
findings and strengthens the evidence for causality. Our results
are based on a single blood draw, at a median of 5.5 years before
diagnosis, which may be an imperfect measure of long-term
25(0OH)D status. However, within-individual correlation coeffi-
cients for repeat measures of circulating 25(0OH)D 1-11 years
apart are 0.53-0.81, indicating that a single blood sample can
provide relatively stable estimates (21,50). Finally, despite the
large size of the consortium, we had limited power to examine
associations at 25(OH)D concentrations greater than 100 nmol/L
and in some racial/ethnic subgroups. Future research should
evaluate associations at very high 25(0OH)D levels, as these lev-
els may now be more common (39), and in subgroups not well
represented in our cohorts.

In summary, by demonstrating a strong, statistically signifi-
cant, and robust inverse association between prediagnostic cir-
culating vitamin D and colorectal cancer risk, we substantially
strengthen the evidence, previously considered inconclusive,

for a causal relationship. Our study estimates risk over a wide
range of absolute 25(0OH)D concentrations, a research gap noted
by the IOM experts. By clarifying at what 25(0OH)D concentra-
tions an effect on colorectal cancer incidence might be ob-
served, our results facilitate interpretation of RCTs of
supplemental vitamin D. Finally, our study suggests that opti-
mal circulating 25(0OH)D concentrations for colorectal cancer
risk reduction are 75-100 nmol/L, higher than current IOM rec-
ommendations for bone health. Although our results are rele-
vant to future recommendations for optimal vitamin D status,
the effects of vitamin D on health outcomes other than colorec-
tal cancer also need to be evaluated and integrated into public
health guidance.
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