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Abstract

Background

Previous meta-analyses of randomized controlled trids @R of vitamin D supplementation
and total cancer incidence and mortality found incondisesults, and most included trials
administered generally low doses of vitamin D (< 1100 IU/day). We updated the meta-analysis

by incorporating recent RCTs that have tested highersdufseatamin D supplements.

Materials and methods
PubMed and Embase were searched from the inception to Mevek018. Summary relative

risks (RRs) and 95% confidence intervals (Cls) were astidhusing a random-effects model.

Results

For total cancer incidence, 10 trials were included (6,547 caskE¥years of follow-up; 54-135
nmol/L of attained levels of circulating 25(OH)vitamin D [25(DH in the intervention group).
The summary RR was 0.98 (95% ClI, 0.93 to 1.03; P=24D%). The results remained null
across subgroups tested, including even when attained 25(OH)B dxeeleded 100 nmol/L
(RR, 0.95; 95% CI, 0.83 to 1.09; P=.48;26%). For total cancer mortality, 5 trials were
included (1,591 deaths; 3-10 years of follow-up; 54-135 nmol/L airett levels of circulating
25(OH)D in the intervention group). The summary RR was 0.8% (85 0.79 to 0.96; P=.005;
12=0%), which was largely attributable to interventions wiiflily dosing (as opposed to
infrequent bolus dosing). No statistically significant hegeneity was observed by attained
levels of circulating 25(OH)D (Rerogeneity-83), with RR being 0.88 (95% CI, 0.78 to 0.98;

P=.02; F=0%) for < 100 nmol/L and 0.85 (95% CI, 0.70-1.03; P=.11;3=0%) for > 100 nmol/L.



Conclusions
In an updated meta-analysis of RCTs, vitamin D supplementsigmificantly reduced total

cancer mortality but did not reduce total cancer incidence.

Key words: Vitamin D supplements, circulating 25(OH)D, cancer incideocaacer mortality,

meta-analysis, randomized controlled trial



Key message

In this meta-analysis of randomized controlled triadsnpared with controls, vitamin D
supplementation was not associated with total cancefeince, but was associated with a
statistically significant reduction in total cancer de&isk reductions were apparent in trials

testing daily dosing of vitamin D but not in trials testingusodosing.



Introduction

In 1980, vitamin D was hypothesized to lower risk of canced@rmae and mortality [1]
Subsequently in various animal models, vitamin D has demmated promotion of cell
differentiation and apoptosis, and inhibition of cancdlrpzeliferation and angiogenesis, as well
as anti-inflammatory and immunomodulatory properties [2]aA#ole, these data support an

effect of vitamin D on cancer development and progression.

Observational epidemiologic studies, however, suggest divegpgéetns, with evidence for a
broad benefit of vitamin D weakening for cancer incidencestsengthening for cancer
mortality. Studies based on circulating levels of 25(Otd)wih D (25(OH)D) (approximate
range: <13 to >150 nmol/L) have generally not confirmed associations with the risk of most
cancerg;3-11] except for colorectal cancer [12]. In addition, Mdiaterandomization studies
have not found that genetic variation in 25(OH)D levelssociated with cancer incidence [13-
15], with the possible exception of ovarian cancer [16¢dntrast, studies of circulating
25(OH)D (approximate range: 5.7 to 188 nmol/L), measured eithemdinenpre-diagnostic
period or shortly after diagnosis of cancer, have detnated superior survival in cancer patients
with higher circulating 25(OH)D levels [17-20]. An inverseaasation between 25(OH)D status
and cancer mortality has also been supported by at tastdendelian randomization data
[14]. Moreover, the geographical association between EdaB exposure and cancer was
stronger for mortality than for incidence for many caade the United States and Chif21,

22].



In testing the hypothesis that enhancing vitamin D status lovaeiser incidence or mortality,
randomized clinical trials (RCTs) provide high-level evidentwo meta-analyses of RCTs
published in 2014 did not support an effect of vitamin D3 on canci&ence, but did find an
approximately 12% reduced cancer mortality [23, 24ich were limited by number (n<4) and
administration of generally low dose of vitamin D (< 1100 [U/day). In 2014, the U.S. Preventive
Services Task Force concluded that data were insuffimestaluate the effectiveness of
vitamin D supplementation for cancer or cardiovascuksgatie prevention [25]. The most recent
meta-analysis including RCTs published up to 2016 did not find eviderszggest that vitamin
D supplementation reduce cancer incidence or mortality Réysequently, a number of large
RCTs have been published, generally utilizing a higher dose witart2000 IU/day or
100,000/month) [27-29]. We thus updated the meta-analysis of RCdancer incidence and
mortality to resolve inconsistency in previous findings, @nderive insights on the potential

effects of dose or attained 25(OH)D levels on the efficdaytamin D.



M ethods
This meta-analysis was conducted and reported in accorda@hdide/PRISMA guideline [30]
Two authors (DL and NK) participated in the literature deastudy selection, data abstraction

independently, and resolved any discrepancy through discussi

Study selection

PubMed and Embase were searched for relevant articleshmebilip to November 2018.
Detailed search terms are provided (eTable 1 in the Suppler&&oept for English language
and human subjects, no other restrictions were impa@gedracts and unpublished results were
not included. To identify additional papers, the referdiste of previous systematic reviews and

meta-analyses were reviewed.

To be included, studies had to be a RCT that tested thet effvitamin D supplementation
(provided as cholecalciferol or ergocalciferol, withathout other nutrients) on total cancer
incidence or mortality, with the results as RR (risia or hazard ratio) and 95% CI (confidence
interval); or as the number of incident cases of twdaker and/or total cancer death in each arm.
We excluded RCT's when the total number of outcome is < 10, because effect size is unreliable

and these were mostly small short-term RCTs (e.geat gr less) in specialized populations
(e.g. at risk for fractures). RCTs with < 1 year ofdaltup was also excluded because (1) latent
cancers may be undiagnosed and a sizable proporti@moéicincidence in year 1 consists of
undiagnosed cancers present at baseline; (2) cancetityovitlin one year of follow-up is

likely mostly from undiagnosed cancers that had metasthalready at the time of study

inception; (3) it may take 3 to 6 months for 25(OH)D levelsetich homeostasis after initiation



of supplementation. When there were several publications tihe same trial, the publication
fully covering the intervention period and directly repaytRR (risk ratio or hazard ratio) rather
than the number of events alone was selected. This sélefytion process is summarized in

Figure 1.

Data abstraction

The following information was extracted: definition ofarnvention and control, RR and
corresponding 95% CI or the number of participants and ewelach arm, level of circulating
25(OH)D (at baseline, at follow-up), and important charactesisti the study population (Table
1). To conduct secondary analyses on total mortality, a re@mdpoint that answers the ultimate
guestion of whether vitamin D supplementation improves dvaralival, we also extracted RR

and corresponding 95% CI for all-cause death or the nunibetabdeaths in each arm.

Statistical analyses

The summary RR and 95% CI on primary endpoints (total camcidence, total cancer death)
and secondary endpoint (total mortality) were calculatatusie DerSimonian-Laird random
effects model [31]. Potential for small study effectgsas publication bias, was assessed using
Egger's test [32]. For primary meta-analyses, severatsgigsanalyses were performed. In

some trials [27, 29, 33], the benefit of vitamin D emerged apmately 1 year after
randomization. To explore the potential for a latdfgot, meta-analyses were conducted after
replacing the results including all outcomes during thievieuip with the results excluding cases
during the first year after randomization when reporie trials compared the intervention of

vitamin D and calcium combined against placebo [27, 34, 35], ametaanalysis was



conducted after excluding these trials. To understand thee&grvhich the effect of vitamin D
supplementation on total mortality may be explained $gfitect through total cancer mortality,
we conducted a meta-analysis by including only trials thatteg@utcomes for both total

mortality and total cancer mortality.

Heterogeneity in the relationship across trials was ssddsy f [36]. To explore potential
sources of heterogeneity, subgroup analyses and metasiegregre conducted using a priori
selected variables: potential effect modifiers (regimevitamin D supplementation, baseline
and attained circulating 25(OH)D levels, contrast in catng 25(0OH)D levels between the
intervention and control group, and age, sex, and bodyiness of the population) and
methodological characteristics (duration of follow-upatoiumber of cases, exclusion of active

cancer at baseline, primary endpoint).

For statistical significance, twdded o was set at P=0.05. All statistical analyses were conducted

using STATA 12 (StataCorp, College Station, TX).



Results

Characteristics of included RCTs

After screening 1861 articles, a total of 10 RCTs were includ#tkimeta-analysis of total
cancer incidence (6,537 cases) [27-29, 33, 34, 37-41], of which § REE included in the
meta-analysis of total cancer mortality (1,591 deaths) (TH0[28, 29, 34, 37, 41]. Five RCTs
were conducted in the USA [27, 28, 33, 34, 40], three RCEsiiape [37, 39, 41], and one in
Australia and one in New Zealand [29, 38]. Six RCTs provididnm D3 daily (400 to 2000
IU/day) [27, 28, 33, 34, 40, 41]. Four RCTs provided a large lmdlusamin D3 non-daily
(20,000 1U/week to 500,000 IU/year) [29, 37-39]. Circulating levels of 2500d1)the included
trials ranged approximately between 38 and 83 nmol/L at baselmhéhemnange of the
intervention group reached between 54 and 135 nmol/L at agwing the follow-up. The
contrast in the attained blood 25(OH)D level between teeviention and control group ranged
between 12 to 50 nmol/L. The durations of follow-up periodugtiag intervention and post-

intervention follow-up, were approximately between 3-10 gear

Primary Meta-analysis: Vitamin D Supplementation and Total Cancer Incidence

The summary RR for intervention versus control graag 0.98 (95% CI, 0.93 to 1.03; P=.42)
with no evidence of heterogeneity$0%) (Figure 2A). In sensitivity analyses, the summaRy R
was 0.97 (95% CI=0.91-1.04, P=0.43;18%) after replacing the results [27, 29, 33] that
included all cases with the results that excluded casegdherfirst year of follow-up when
provided; and 0.99 (95% CI, 0.92 to 1.06; P=.7Z0%) after excluding two studies that tested
the combined effect of vitamin D3 and calcium against pla¢2bo34]. Small study effects,

such as publication bias, were not indicated in either prifRgye~.53) or sensitivity analyses
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(Pegger-32 and .84, respectively).

The association between vitamin D supplementation andctmakr incidence was not
statistically significantly heterogeneous with respecetpmen of intake (Rterogeneity-37, Figure
3A), attained 25(0OH)D level (Rerogeneity-55, Figure 4A), and other stratifying factors (eTable 2

in the Supplement)

Primary Meta-analysis: Vitamin D Supplementation and Total Cancer Mortality

The summary RR for intervention versus control grougs 0.87 (95% CI, 0.79 to 0.96; P=.005)
with no evidence of heterogeneity<£0%) (Figure 2B). An inverse association became stronger
in sensitivity analyses accounting for potential latgféct (utilizing studies that excluded the
first year of follow-up) (RR, 0.86; 95% CI, 0.78 to 0.95; P=.0840%) [28]; and excluding a
study that compared concomitant supplementation of vit&nand calcium with placebo [42]
(RR, 0.85; 95% CI, 0.75 to 0.97; P=.0250%). There was no evidence of small study effects,
such as publication bias, in either primarggfe=.76) or sensitivity analyses€fge~.91 and .08,

respectively).

Given the small number of trials, the meta-analysi®t cancer mortality had limited
statistical power to explore potential sources of hetemitgenindeed, the association between
vitamin D supplementation and total cancer mortality didvaoy statistically significantly by
any of the stratifying variables testediBogeneity> 0.64 for all) (Figure 3B, Figure 4B, eTable 2

in the Supplement). Yet, it is notable that a statiyicignificantly reduced cancer mortality

was observed in response to daily dose (RR, 0.87; 95% ClI, 0.78 td*8.967; ¥=0%) but not
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to infrequent bolus dose (Figure 3B). Additionally, the proteddenefit of vitamin D
supplementation against total cancer mortality was evidemt when attained levels of
circulating 25(OH)D were < 100 nmol/L (RR, 0.88; 95% CI, 0.78 to 0.98; P=.02; 1>=0%) (Figure
4B). Yet, although not statistically significant, a simitaagnitude reduction was also observed
in trials where the attained 25(OH)D levels were > 100 nm®&, (0.85; 95% CI, 0.70-1.03;
P=.11; P=0%). An inverse association was manifest among tridts w6 years of follow-up
(RR, 0.87; 95% CI, 0.78 to 0.96; P:.OO?,(]%) but not in a trial with <5 years (RR, 0.99; 95%
Cl, 0.60 to 1.64; P=.97%Fnot applicable) (eTable 2 in the Supplement) adds to evidenee f

potential latent effect of vitamin D supplementation as sugddsy previous trials [27, 29, 33].

Secondary Meta-analysis. Vitamin D Supplementation and Total Mortality

Based on 8 trials[27-29, 35, 37, 38, 40, 41] including 5,002 total deéh¢hsummary RR for
intervention versus control groups was 0.93 (95% CI, 0.83®&; ©=.009) with no evidence of
heterogeneity @-0%) and small study effectsedge>0.99) (eFigure 1 in the supplement). When
the analysis was restricted to five trials (4,872 total de@&®s¥9, 35, 37, 41] included in total
cancer mortality, an inverse association with totaltediby remained virtually unchanged (RR,
0.93; 95% Cl, 0.88 to 0.98; P=.0%:0%), which is a weaker association than with total cancer

mortality.
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Discussion

In this meta-analysis of RCTs, we found that vitamin D seipphtation was associated with
13% reduced cancer mortality over 3-10 years of follow-up¢hvbonfirms findings in the
previous meta-analysis in 2014 [24]. Corresponding to the 13% reductcancer mortality,
there was a statistically significant 7 percent reducticiotial mortality in our meta-analysis
where cancer death (n=1,591) accounted for 33 percent ofléatidd (n=4,872). The VITAL
study was the only study specifically powered to examine camoeality as a pre-specified
endpoint, yielding a contrast of nearly 30 nmol/L betweegrwaintion and control group (75
nmol/L) with a vitamin D dose of 2000 1U/day [28]. InterestinglyViTAL, increasing benefit
over time was indicated, with RR reducing to 0.75 (95% ClI, 0.59 t9 0t excluding deaths
occurring during the first 2 years of follow-up [28]. With #@aahal restriction of analysis to
cancer deaths confirmed by medical records or other adjimaidzeyond the National Death

Index coding, RR further reduced to 0.63(95% ClI, 0.43 to 0.92) [28]

In contrast to the results for mortality, we found thgigementation of vitamin D did not lower
cancer incidence compared to the control groups. The resoitsned null across diverse
subgroups tested. Of note, while statistically insignificdm,direction of association slightly
favored vitamin D supplementation (RR, 0.95; 95% ClI, 0.83 to 1:6@.48) when attained
25(OH)D levels were > 100 nmol/L. Current epidemiologic evidencedbas circulating

25(0OH)D levels suggests a potential benefit only for coloracid ovarian cancer incidence [12,
16]. If any anti-cancer benefit of vitamin D is truly limdtéo specific cancer sites, then estimates
for total cancer incidence may be attenuated and statisiggaficance lost. Alternatively, adult

cancers typically develop over several decades and vifaroguld act on early stages of
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carcinogenesis. In this case, 3-10 years of follow-up@giof RCTs in this meta-analysis may
have been insufficient to observe an effect. Specifidatlgolorectal carcinogenesis, vitamin D
may act early given that 25(OH)D levels have been stiovee inversely associated with

incidence of colorectal adenoma, a likely precursor fostroolorectal cancers [43].

Concern has been raised over the safety of “high” circulating levels of 25(OH)D, generally
considered to be those exceeding 100 nmol/L. In our meta-anatyziucted among trials
whose achieved 25(OH)D in the intervention group exceeded 100Lnniere was no
statistically significant evidence for an increased ofskancer incidence and mortality. By
contrast, a decreased risk was suggested for cancer ireiRR¢ 0.95) and cancer mortality
(RR, 0.85), albeit not statistically significant. Partarly, two of the trials had baseline levels
around 80 nmol/L and the intervention groups achieved averade d&&vend 105 nmol/L with
daily supplementation of 2000 IU vitamin D [27, 28]. One of thageatively small stuﬂ
found a reduction in incidence (RR, 0.65; 95% ClI, 0.42 to 1.00) idnubtl report on mortality.
The other study (VITAL) showed a borderline non-significamidr incidence and an increasing
reduction in mortality over time. These findings providesse@ance for the safety of attaining
levels at least in the range of 100 to 120 nmol/L. This leveduch higher than 50 nmol/L, a
level currently considered sufficient by the Institutévigidicine but lower than the tolerable
upper level of 125 nmol/L.[44] According to the Endocrine Socktgmin D intoxication

including hypercalcemia and kidney stones rarely occurslextls below 375 nmdl/ [45].

Not only the attained levels of 25(OH)D but also supplementegigimen to reach the level

may modify the effect of vitamin D supplementation on cancgcomes. Six of the trials in this
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meta-analysis used daily dosing [27, 28, 33, 34, 40, 41], but oneves&tl dosing [39], two
used monthly dosing [29, 37], and one used yearly dosing [38]. ibd that tested a bolus of
500,000 IU of vitamin D3 per year, the median 25(OH)D level inritexvention group rose to
approximately 120 nmol/bne month after dose, with > 25% of the group reaching 150 nmol/L
[38]. This trial was small and there were only 7 incidentesasin the intervention group versus
10 in the control group. Intermittent bolus dosing mighldyren-physiologic fluctuations in
vitamin D [46]. Additionally, vitamin D intoxication only resslfrom taking very large doses
(e.g., 50,000-1,000,000 IU/day) of vitamin D for several monthgaosy[47]. In this meta-
analysis, the significant findings for cancer mortalityeviargely driven by trials that assigned

daily intake of more modest levels of vitamin D suppleméigare 3b).

The reason for the divergent findings for incidence andatiky of total cancer is not clear.
Nonetheless, there are plausible mechanisms for vitAnoiperating at multiple stages of
carcinogenesis. Most relevant to the findings on camcetality, vitamin D may decrease tumor
invasiveness and propensity to metastasize and influence immdndatory properties [2, 48]
Although some of the RCTs had some participants alreagydsed with cancer at baseline [29,
38], the vast majority of the cancer mortality casese those that were diagnosed and became
fatal over the course of the study period. Thus, the pgatémnefit for vitamin D status on
cancer mortality could operate during the pre-diagnsstiges by influencing late-stage tumor
progression and metastatic seeding, during treatment byiemm@nting or enhancing effects of
therapies, or in post-diagnostic stages by improving suntalrational to design studies to
enhance vitamin D status after cancer is diagnosed, tlsuoghdesigns may underestimate any

benefit if some or all of the effects of vitamin D @mehe pre-diagnostic stages.
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Our study confirms the findings of the previous meta-analggesir group [24] and Bjelakovic
et al. [23] Our studies excluded trials of small size (< 10 participants with outcomes) and/or
short-term (< 1 year of follow-up) as explained in thetimd section. In contrast, the meta-
analysis by Bjelakovic et al. included trials of any sizé any duration. Despite differential
inclusion/exclusion criteria, all meta-analyses consiteoncluded that vitamin D supplements
had no effect on cancer incidence but reduced cancealitybly 12-13%. Bjelakovic et al.
noted that the positive finding with cancer mortality Idduave been due to random errors given
too few participants examined (4 trials, 1192 cancer deaths, 44,492ppantis) and the

evidence of low quality. In our meta-analysis including net¢eals of large size, testing higher
vitamin D doses, and/or with cancer mortality set as speeified endpoint (5 trials, 1591
cancer deaths, 75,239 participants), provides more robust catiimof these relationships and

alleviates the earlier concerns.

By contrast, in the meta-analysis by Goulao et alinegrse association with cancer mortality
was suggested but not statistically significant (RR, 0.85; 95%.@0,to 1.04; 17 trials, 407
cancer deaths, 15,893 participants) [26]. Unlike ours, Goulaoietlalded trials of any size and
testing any form of vitamin D supplementation (cholecalclfergocalciferol, calcitriol and
vitamin D analog), and excluded trials if supplements (eadciumm) co-administered with
vitamin D supplements were not provided in the control groups (e.g., the Women’s Health

Initiative [34]). They also included data on cancer incigefgcg., Sanders et al. [38]) in the
analysis of cancer mortality by counting cancer incidea cancer death. Collectively, these

may have affected statistical significance of the figdi Yet, in their sensitivity analysis

16



additionally including after-study events (n=160 deaths) fizerRECORD trial, the results

became marginally significant (RR, 0.85; 95% CI, 0.72 to 1.00) [26].

Our meta-analysis has several strengths. Although the¢guered to see an effect of vitamin D
supplementation on cancer, if present, is not known, we algle to assess the influence on total
cancer incidence and mortality over a period ranging 8elf years. At least for cancer
mortality, which possibly may be influenced over a reldyighort period, this length of time

may be adequate. In addition, the studies varied in doseshi allowed us to examine a
potentially interesting and wide range of attained 25(OHyBl¢e up to around 120-135 nmol/L
of 25(0OH)D. Unlike our earlier meta-analysis, we were able pars¢e effects of vitamin D

from those of calcium and to evaluate higher doses ®12B@0 1U/day of vitamin D.

Limitations of our meta-analysis also warrant considenatiMost of the trials were not initially
designed to test the hypothesis that vitamin D influencedisk of cancer incidence or
mortality. Most of the study populations were composed afeshNotably, in VITAL, which
prespecified cancer endpoints and oversampled African-Aamesi@ suggestive inverse
association was observed for cancer incidence indbialrsubgroup (RR, 0.77; 95% CI, 0.59 to
1.01, 224 total cases), which is consistent with prior epidemotiaga [49]. Finally, because
many trials did not provide data on site-specific canaeescould not assess if a benefit of
vitamin D supplementation was differential across carites. Nevertheless, the epidemiologic
data suggest potentially broad effects against many cancer thipegh perhaps with stronger

effects against some cancer types such as digestivenatignancies [50].
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Despite the globally declining trend in cancer mortalityrdtae past decades [51]
approximately 9.6 million cancer deaths were projected in 2018wkt [52]. In addition, a
substantial percentabe of the world population has vitameveéld below 50 nmol/L, at least in
winter [53]. Given the results from our meta-analysigrésfto achieve circulating levels of
25(OH)D around 54-135 nmol/L may contribute to reducing cancemlitprilTo consistently
raise the level above 75 nmol/L, at least 1,500-2000 1U/dakendf vitamin D may be required
for adults as suggested by the Endocrine Society [45]. &gisrement is higher than the
recommended dietary allowance for vitamin D, which was astedal to avoid poor bone health:
600 IU for individuals aged 19-70 years and 800 IU for those ag=d/@ years [44]. To
determine the optimal level of vitamin D intake to redusgeamortality, future studies are
warranted that examine the dose-response relationship lbetiemin D supplementation and

cancer death beyond the level of recommended dietaryaaice [44].
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Figure 1. Flowchart for Study Selection
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