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Abstract: Vitamin D administered pre-diagnostically has been shown to reduce mortality. Emerging
evidence suggests a role of post-diagnosis vitamin D supplement intake for survival among cancer
patients. Thus, we conducted a meta-analysis to evaluate the relationship. PubMed and Embase
were searched for relevant observational cohort studies and randomized trials published through
April 2022. Summary relative risk (SRR) and 95% confidence interval (CI) were estimated using the
DerSimonian-Laird random-effects model. The SRR for post-diagnosis vitamin D supplement use vs.
non-use, pooling cohort studies and randomized trials, was 0.87 (95% CI, 0.78-0.98; p = 0.02; 2 = 0%)
for overall survival, 0.81 (95% CI, 0.62-1.06; p = 0.12; I? = 51%) for progression-free survival, 0.86
(95% CI, 0.72-1.03; p = 0.10; 12 = 0%) for cancer-specific survival, and 0.86 (95% CI, 0.64-1.14; p = 0.29;
I = 0%) for relapse. Albeit not significantly heterogeneous by variables tested, a significant inverse
association was limited to cohort studies and supplement use during cancer treatment for overall
survival, and to studies with <3 years of follow-up for progression-free survival. Post-diagnosis
vitamin D supplement use was associated with improved overall survival, but not progression-free or
cancer-specific survival or relapse. Our findings require confirmation, as randomized trial evidence
was insufficient to establish cause-and-effect relationships.

Keywords: vitamin D supplement use; post-diagnosis; overall survival; progression-free survival;
cancer-specific survival; relapse; meta-analysis; randomized controlled trial; cohort study

1. Introduction

Cancer is a global public health concern and the leading cause of death in most devel-
oped countries [1]. According to the International Agency for Research on Cancer, in 2020,
there were approximately 19.3 million incident cancer cases and 10.0 million cancer deaths
worldwide [2]. While early detection by screening programs and advances in treatment
have improved cancer survival rates [2], dietary supplement use along with lifestyle mod-
ifications is of great interest for cancer patients to further increase their survival chance.
Recent studies reported that over half of cancer patients initiated dietary supplement use
following diagnosis [3], including a wide variety of vitamins, minerals, herbal supplements,
and nutraceuticals (e.g., ginseng) [3]. Notably, vitamin D is one of the most widely used
dietary supplements, because it has been hypothesized to decrease adverse symptoms
during cancer treatments, to reduce cancer recurrence, to boost the immune system and
energy level, among other benefits [4,5].

Accumulating evidence suggests that vitamin D supplements may confer protective ef-
fects against total cancer mortality in “usual risk” populations [6]. In a recent meta-analysis
of randomized controlled trials (RCTs), daily vitamin D supplementation was significantly
associated with an approximately 13% reduced total cancer mortality [7]. Among can-
cer patients, a meta-analysis of three observational studies and two RCTs showed that
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post-diagnosis vitamin D supplement use was significantly associated with a 14% reduced
all-cause mortality [3]. Since then, additional studies on vitamin D supplementation among
cancer patients and survival have been published, suggesting that an update of the previous
meta-analysis and an exploration of heterogeneity in the relationship could be informative.
Therefore, we conducted a meta-analysis of post-diagnosis vitamin D supplement use
among cancer patients and survival outcomes, while exploring heterogeneity by diverse
factors, including the timing of vitamin D supplement use, the cancer type, the follow-up
period, and the circulating level of 25-hydroxyvitamin D (25(OH)D).

2. Methods

This meta-analysis was performed and reported in accordance with the PRISMA
guideline (Table S1) [8].

2.1. Study Search

PubMed and Embase were searched for relevant articles through April 2022. The
search was limited to human studies and the English language, but no other restrictions
were imposed. The detailed search terms are provided in Table S2.

2.2. Study Selection

To be included in this meta-analysis, studies had to be a RCT or cohort study that
examined the relationship between vitamin D supplement intake after cancer diagnosis
and survival outcomes (overall survival, progression-free survival, cancer-specific survival,
or relapse). Abstracts, unpublished results, and review articles were excluded. When
there were multiple publications from the same trial [9,10], we selected the publication
with larger numbers of participants [9]. To identify additional papers, we also checked
the reference lists of selected articles and previous systematic reviews. After a series of
screening procedures, a total of 11 studies (5 RCTs [9,11-14], 6 cohort studies [15-20]) were
eligible for this meta-analysis. This study selection process is summarized in Figure 1.

« 643 PubMed

1741 publications identified on initial search
+ 1098 Embase

.J 507 removed ]
b ®

[ 1234 publications screened based on tile and abstract ]

1164 publications exduded lor
* nat meeling the inclusion criteria

[ 70 publications assessed based on full-text ]

59 publications excluded

® 31 irelevant exposure of oulcome

® 12 reviews or mela-analyses

® B duplicale population

& 10 no sufficient data for meta-analysis

11 publications included in analysis
* Primary analysis
Overall survival: 9 publications
« Secondary analyses
Progression-free survival: 8 publications
Cancer-specfic survival: 3 publications
Relapse: 3 publications

Figure 1. Flowchart for study selection.
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2.3. Data Abstraction

From each article, the following information was extracted: name of the first author,
publication year, study design, definitions (i.e., type, timing, period) of vitamin D supple-
ment use and control, cancer type, outcome definition (i.e., overall survival, progression-free
survival, cancer-specific survival, and relapse), relative risk (RR), 95% confidence interval
(CI), confounding factors adjusted for, and important characteristics of the study population
(e.g., country, age, sex), and exclusion criteria regarding vitamin D supplements intake
(Tables S3 and S4).

Two authors (QYC and SK) participated in the study search, study selection, and
data abstraction independently, and any disagreement was resolved through discussion
with NK.

2.4. Statistical Analyses

The summary RR (SRR) and 95% CI were calculated using the DerSimonian-Laird
random-effects model for the association between post-diagnosis vitamin D supplement
use and survival outcomes [21]. The I? statistic was calculated to assess the degree of
heterogeneity in the relationship across the studies [22]. Potential for small study effects,
such as publication bias, were investigated by running Egger’s test [23]. Of note, one
study [9], whose control group received 400 IU of vitamin D supplement rather than
no supplement, reported the results based on one-sided statistical tests. By estimating
the standard errors, we recalculated 95% CI based on two-sided tests and performed a
sensitivity analysis excluding the study.

Potential sources of heterogeneity in the relationship were explored by performing
subgroup meta-analyses and meta-regression according to a priori selected variables related
to methodological characteristics (study design, follow-up period), etiologic heterogeneity
(cancer type), and potential effect modifiers (timing of vitamin D supplement use relative to
cancer treatment:during treatment vs. after treatment, baseline level of circulating 25(OH)D:
<20 ng/mL vs. >20 ng/mL). Notably, because results of a meta-analysis of a small number
of studies are not informative, subgroup analyses were not conducted when the total
number of studies was less than five.

All the statistical tests were two-sided and p values of <0.05 were considered statisti-
cally significant. Analyses were performed using STATA 17 (StataCorp., College Station,
TX, USA).

3. Results
3.1. Description of Included Studies

After screening 1742 publications, a total of 11 publications (5 RCTs [9,11-14], 6 ob-
servational cohort studies [15-20]) contributed to the meta-analyses for overall survival
(9 studies), progression-free survival (8 studies), cancer-specific survival (3 studies), and
relapse (3 studies). The main characteristics of the included studies are summarized in
Tables S3 and S4.

3.2. Vitamin D Supplement Use after Cancer Diagnosis and Overall Survival

Based on a total of nine studies (three RCTs [11,12,14] and six cohort studies [15-20]),
the SRR of overall survival associated with post-diagnosis vitamin D supplement use was
0.87 (95% CI, 0.78-0.98; p = 0.02), with no evidence of heterogeneity (I> = 0%) (Figure 2A).
Small study effects, such as publication bias, were not observed (PEgger =0.83).

In subgroup analyses, there was no evidence of significant heterogeneity by the study
design (Pheterogeneity = 0.77), the cancer type (Preterogeneity, NA), the timing of vitamin D supple-
ment use (Ppeterogencity = 0.20), and the follow-up period (Pheterogeneity = 0-73) (Figure 3A-D).
Nevertheless, a significant inverse association was observed among cohort studies (RR,
0.87; 95% CI, 0.77-0.98; p = 0.02; I? = 0%) but not among RCTs (RR, 0.93; 95% ClI, 0.62-1.38;
p = 0.71; I? = 0%) (Figure 3A); it was also observed when the supplement was used during
treatment (RR, 0.78; 95% CI, 0.61-0.998; p = 0.048; I? = 32%; three RCTs and four cohort
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studies), but not when the supplement was used after treatment (Figure 3C). There was
a marginally significant inverse association in relation to breast cancer (RR, 0.88; 95% CI,
0.77-1.001; p = 0.05; I?> = 0%; five cohort studies), but not with other cancer types (Figure 3B).

3.3. Vitamin D Supplement Use after Cancer Diagnosis and Progression-Free Survival

Based on a total of eight studies (five RCTs [9,11-14] and three cohort studies [15,19,20]),
the SRR of progression-free survival for vitamin D supplement use vs. non-use after cancer
diagnosis was 0.81 (95% CI, 0.62-1.06; p = 0.12), with moderate heterogeneity (I2 = 51%)
(Figure 2B). There was no evidence of small study effects such as publication bias (Pggger = 0.78).
The aforementioned results remained unchanged in the sensitivity analysis, excluding a
study [9] that tested high doses of vitamin D (8000/4000 IU/d) against the standard dose
(400 IU/d) and reported the results based on a one-sided test (Data not shown).

The relationship between post-diagnosis vitamin D supplement use and progression-
free survival was not significantly heterogeneous by the study design (Ppeterogencity = 0.63), the
cancer type (Ppeterogencity = 0-75), the timing of vitamin D supplement use (Ppeterogeneity = 0-59),
the follow-up period (Ppeterogencity = 0.07), or the baseline level of circulating 25(OH)D
(Pheterogencity = 0-61) (Figure 4A-E). Nevertheless, a significant inverse association was
observed among studies with <3 years follow-up (RR, 0.61; 95% CI, 0.46-0.81; p = 0.001;
I? = 0%; two RCTs and two cohort studies), but not among studies > 3 years follow-up
(Figure 4D).

3.4. Vitamin D Supplement Use after Cancer Diagnosis and Cancer-Specific Survival

Based on three studies (one RCTs [14] and two cohort studies [17,18]), the SRR of
cancer-specific survival was 0.86 (95% CI, 0.72-1.03; p = 0.10) with no evidence of het-
erogeneity (I> = 0%) (Figure 2C). Small study effects, such as publication bias, were not
demonstrated (Pggeer = 0.22). Heterogeneity in the relationship was not explored due to the
small number of studies.

First author, year  Dose (IUiday)  Timing RR {86%C1)

Ambrosone, 2018 any during treatment —v-L— 1.05 (0.66, 165)
1

Urashima, 2019* 2000 during traatment — 0.81(0.48, 1.38)

Akiba, 2018* 1200 during treatment —_— 122054, 279
I

Golubic, 2018 2000 during treatment 1.01(0.38, 261)

Madden, 2018 any during treatment 086 (0.72, 1.01)
Wanp, 2016 any during treatment 0.B0 (0.51, 1.24)

Chol, 2014 any after treatment 082 (0.63, 1.08)

Zaichner, 2014 any during treatment 0.30 (0.07, 1.37)

Poale, 2013 any afer freatment 095 (0.72, 1.24)

Overall (l-squared = 0.0%, p=0.839) 0.87{0.78, 0.98}

T T
1 1 4

Overall survival
(A)

Figure 2. Cont.
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Wang, 2016 any durbng treatment + 0.61 (038, 0.58)
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(B)
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Usashirnia, 2019* 2000 duting treatment —_— 1.08 (D 58, 2.01)
Madden, 2016 any during treatment - 0,80 (0.64, 0.59)
Pocle. 7013 any aftar trmatmant . 0.97 (065, 1.38)
Chaseall (Fsguared = 0.0%, p= 0 490) <> 086 (0,72, 1.03)

T T T L
1 1 4
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©

First authos, year Dose {IUiday) Timing RR (95%C1)

Jehanssen 20217 20008 aller realment _—DH 122 {032, 4.55)

Urashima 2018 2000 dhiring troatment —a— 0.75(0.48,1.17)

Poole, 2013 any ahor treatmant 0.92 (0.62, 1.35)

Overall {squarod = 0 0%, p=0 685) C} 0.85 0.64.1,14)

T T T
1 1 L)

Relapse
(D)

Figure 2. Forest plots for meta-analyses of post-diagnosis vitamin D supplement use and survival out-
comes. (A) Overall survival; (B) Progression-free survival; (C) Cancer-specific survival; (D) Relapse.
RCTs are marked with *. #: 100,000 IU/50 day, converted to 2000 IU/day.
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Figure 3. Forest plots for subgroup meta-analyses of post-diagnosis vitamin D supplement use and
overall survival. (A) By study design; (B) By cancer type; (C) By timing of vitamin D supplement use;
(D) By follow-up period. RCTs are marked with *.
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(‘Timing of vitamin D supplement use )

Firstauthor, year Dose (IUiday)  Timing RR (95%Cl)
( During treatment )
Ambrosone, 2019 any during treatment — 1.19(0.81,1.74)
Ng, 2019* 8000/4000 during treatment — 0.64 (0.43,0.96)
Urashima, 2019 2000 during treatment —_— 0.66 (0.43,0.99)
Akiba, 2018* 1200 during treatment —_— 1.15(0.64,2.05)
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Wang, 2016 any during treatment — 0.61(0.38,0.98)
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( After treatment )
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Golubic, 2018* 2000 during treatment — 111(0.69.1.77)
Sublotal (-squared = 40.0%, p=0.172) 0.99(0.74,1.32)

(< 3years follow-up )

Johansson, 2021° 2000 after treatment ———————————— 120(037,4.00)
Ng, 2019° 8000/4000  during treatment —— 0.64(0.43,0.9)
Wang, 2016 any during treatment — 0.61(0.38,0.98)
Zeichner, 2014 any during treatment B — 0.36/(0.15,0.88)
Subtotal (-squared =0.0%, p=0.447) O 0.61(0.46,0.81)
T T T
1 1 4

Progression-free survival

(D)

(Baseline level of circulating 25(OH)D )

First author, year ~ Dose (IUiday) ~ Timing RR (95%Cl)

(25(0H)D < 20 ng/mL. )

Ng, 2019* 800014000 during treatment e 0.73(0.41,129)
Urashima, 2019* 2000 during treatment —— 115 (0.65, 2.05)
Akiba, 2018 1200 during treatment _— 0.23(0.05, 1.05)
Subotal (squared = 52.0%, p= 0.125) <:> 0.76(0.40, 1.42)

(25(0H)D 2 20 ng/mL )
Ng, 2019" 80004000 during treatment —_—— 0.82(0.41,1.64)

Urashima, 2019 2000 during treatment —_— 0.45(0.24, 0.86)

Subtotal (-squared = 30.8%, p=0.229) <> 0,60 (0.34, 1.06)

1
Progression-free survival
(E)

Figure 4. Forest plots for subgroup meta-analyses of post-diagnosis vitamin D supplement use
and progression-free survival. (A) By study design; (B) By cancer type; (C) By timing of vitamin D
supplement use; (D) By follow-up period; (E) By baseline level of circulating 25(OH)D. RCTs are
marked with *. #: 100,000 IU/50 day, converted to 2000 IU/day.

3.5. Vitamin D Supplement use after Cancer Diagnosis and Relapse

Based on three studies (two RCTs [13,14] and one cohort studies [18]), the SRR of relapse
was 0.86 (95% CI, 0.64-1.14, p = 0.29) with no evidence of heterogeneity (I> = 0%) (Figure 2D).
Small study effects, such as publication bias, were not demonstrated (PEgger = 0.66). Due to the
small number of studies, heterogeneity in the relationship was not explored for relapse.
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4. Discussion

In this meta-analysis of observational cohort studies and RCTs, post-diagnosis vita-
min D supplement use compared to non-use was associated with an approximately 13%
improved overall survival, but was not associated with progression-free survival, cancer-
specific survival, and relapse. The relationships did not vary significantly by the study
design, the cancer type, the timing of vitamin D supplement use, and the follow-up period.
Nevertheless, a significant inverse association with overall survival was limited to cohort
studies and studies that assessed supplement use during treatment, and was suggestive
for breast cancer. In relation to progression-free survival, a significant inverse association
emerged among studies with <3 years of follow-up, which were the majority of the studies.

Despite a heightened interest in dietary supplements among cancer patients [24],
previous studies on vitamin D supplement use and cancer outcomes were mostly conducted
among individuals without cancer [7]. In a meta-analysis of RCTs that enrolled mostly
individuals without cancer, daily vitamin D supplementation did not reduce total cancer
incidence, but it was significantly associated with a 13% reduction in cancer mortality
and 7% reduction in total mortality [7]. Carcinogenesis is a complex multiple process
involving initiation, promotion, progression, and metastasis [25], and the divergent results
between cancer incidence and cancer mortality suggest that vitamin D may operate at three
potential stages: a pre-diagnostic period by influencing late-stage tumor progression and
metastatic seeding, a during treatment period by interacting with cancer therapies, and a
post-diagnostic period by improving survival [6].

In light of our current study, which evaluated studies on the association between
vitamin D supplement use after cancer diagnosis and outcomes, finding null associations
with most of the endpoints, the benefit of vitamin D supplements may be occurring pri-
marily during the pre-diagnostic period by decreasing tumor invasiveness and metastatic
potential. Nevertheless, we cannot completely rule out the potential benefits of vitamin D
supplement during the post-diagnosis period. Firstly, we observed a significant inverse
association between post-diagnosis vitamin D use and overall survival. Beneficial effects
of vitamin D, such as immune-boosting, anti-inflammatory and insulin-sensitizing effects
against non-cancer outcomes, may still operate after cancer diagnosis [26-28]. Secondly,
in our subgroup analysis by baseline level of circulating 25(OH)D, an inverse association
observed with progression-free survival, albeit not significant, was stronger for individuals
with 25(0OH)D > 20 ng/mL (rather than <20 ng/mL). This suggests a potential threshold
effect by which a large amount of vitamin D needs to be accumulated in the body first
for a survival benefit to manifest in response to an increased intake of vitamin D supple-
ments [29]. Indeed, a meta-analysis showed that cancer patients with higher levels of
circulating 25(OH)D at or near the time of diagnosis had better survival [30]. Finally, given
our findings that inverse associations with overall survival or progression-free survival
were more apparent in studies assessing vitamin D supplements during cancer treatment
(rather than after treatment) and in studies with a short-term follow-up period, vitamin D
may complement or enhance the effects of cancer therapies.

By cancer type, evidence for a beneficial effect of post-diagnosis vitamin D supplement
use was most suggestive for overall survival among breast cancer patients. This result
may be in part attributable to methodological factors, because all studies included for this
breast cancer meta-analysis were observational cohort studies, and active research in the
field of breast cancer survivorship resulted in a large number of publications. Yet there
are potential biological mechanisms, albeit not exclusively applicable to breast cancer, that
might explain a role of vitamin D supplementation for breast cancer survivorship. Vitamin
D receptor (VDR) is a nuclear receptor, which upon activation by 1,25-dihydroxyvitamin
D inhibits cell proliferation and induces cell differentiation and apoptosis [31]. The VDR
is expressed in breast cells, and a meta-analysis found that higher levels of VDR in the
nucleus and cytoplasm of breast cancer cells were significantly associated with a better
overall survival among breast cancer patients [31]. The anti-cancer effect of vitamin D is
also exerted by suppressing the proliferative effect of estrogen, because vitamin D lowers
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estrogen levels by inhibiting the activity of aromatase, an enzyme that converts androgens
into estrogens through aromatization [32]. Indeed, in a cohort study, post-diagnosis vitamin
D supplement use was associated with a 36% decreased recurrence of estrogen receptor
positive breast cancer, but not associated with the recurrence of estrogen receptor negative
breast cancer [18].

Our study is the first meta-analysis that analyzed the association between post-
diagnosis vitamin D supplement intake and cancer outcomes, addressing important hetero-
geneity in the relationship by the timing of vitamin D supplement use, the cancer type, the
baseline 25(OH)D levels, and others. Yet, there are several limitations to acknowledge. First,
as an inherent limitation of the meta-analysis, any biases present within individual studies,
which cannot be corrected by the meta-analysis, may compromise the validity of our results.
In fact, due to the limited number of studies available, our meta-analyses pooled RCTs and
observational cohort studies together, except for subgroup analysis by study design. While
the relationships were not significantly heterogeneous by study design, causal interpreta-
tion of our findings should be avoided. Second, because all studies compared supplement
use vs. non-use except for one study (high vs. standard dose) [9], our study was unable to
examine the dose-response relationship. Yet, accumulating evidence suggests that higher
doses of vitamin D supplementation than the recommended dietary allowances (600-800
IU for adults) might be needed for vitamin D to exert an anti-cancer effect [33]. All of the
RCTs included in our meta-analysis, despite varying dose and frequency, provided vitamin
D supplements of <2000 IU/day except one study [9], which provided 8000 IU/day for
cycle 1 followed by 4000 IU/day for subsequent cycles, and observed a significant inverse
association with progression-free survival. Nevertheless, given conflicting evidence on
the safety and efficacy of non-daily mega-dose vitamin D supplementation [34,35], more
studies testing doses within the safety upper limit (<4000 IU/day) [36] are warranted to
identify the optimal dose of vitamin D supplements that can exert anti-cancer benefits.
Third, as most of the included studies were conducted among breast cancer or colorectal
cancer patients, our results might not apply to other cancer sites.

In conclusion, post-diagnosis vitamin D supplement use among cancer patients was
associated with an improved overall survival, but was not related to progression-free
survival, cancer-specific survival, or relapse. RCT evidence was limited and insufficient to
establish cause-and-effect relationships. Future studies are needed to confirm our findings
as well as to identify the optimal supplementation strategy (e.g., dose and timing) and the
subgroup of people who will benefit most from the supplementation.
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