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Dose-Response Meta-Analysis of Prospective Studies
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Abstract: Previous evidence suggests that higher circulating 25-
hydroxyvitamin D (25[OH]D) levels are variably associated with lower
breast cancer risk; however, prospective studies and clinical trials have
been inconsistent, particularly between older and younger women of differ-
ing menopausal status. We conducted a quantitative nonlinear dose-response
meta-analysis of prospective studies evaluating the association between
circulating 25(OH)D and breast cancer risk, stratified by menopause. A
systematic search of MEDLINE and EMBASE included studies pub-
lished through May 2011. We reviewed references from retrieved articles
and contacted relevant investigators for additional data from prospective
studies on circulating 25(OH)D levels and incident breast cancers. Pro-
spective studies of circulating vitamin D and breast cancer risk were
reviewed, and no language restrictions were imposed. Information on study
population, menopausal status, 25(OH)D levels, and relative risk (RR)
estimates were extracted using a standardized protocol.

A total of 9 prospective studies were included, comprising 5206 cases
and 6450 controls. Data were pooled using dose-response random-effects
meta-regression models. Identifying nonlinear effects, spline models were
optimized for thresholds. The relationship between circulating 25(OH)D
and breast cancer risk differed by menopausal status (p = 0.05 for effect
modification). While no association was found in premenopausal women,
dose-response modeling revealed a nonlinear inverse association among
postmenopausal women. Notably, a flat association was observed in the
lowest range of 25(OH)D levels <27 ng/mL (RR = 1.01 per 5 ng/mL; 95%
confidence interval [CI], 0.98-1.04). In contrast, postmenopausal breast
cancer risk decreased with 25(OH)D levels 27-<35 ng/mL (p = 0.02 for
nonlinear risk change), where a 5 ng/mL increase in 25(OH)D was asso-
ciated with a 12% lower risk of breast cancer (RR = 0.88 per 5 ng/mL;
95% CI, 0.79-0.97), with suggestive flattening at higher doses >35 ng/mL.
The significant inverse association did not appear to vary across strata of
invasive/in-situ cases, body mass index adjustment, region, postmenopausal
hormone use, or assay method.

In summary, this dose-response meta-analysis of prospective studies
of plasma 25(OH)D suggested a breast cancer risk differential by meno-
pause, whereby a step-wise inverse association was observed beyond a
threshold of 27 ng/mL, but with flattening of effects above 35 ng/mL, in

From Channing Laboratory (SRB, SEH, ELD), Department of Medicine,

Brigham and Women’s Hospital and Harvard Medical School, Boston,

Massachusetts; Department of Epidemiology (SRB, SEH) and Department

of Nutrition (ELD), Harvard School of Public Health, Boston, Massachusetts;

and Department of Public Health (SEH, ERB-J), School of Public Health and

Health Sciences, University of Massachusetts, Amherst, Massachusetts.

Financial support and conflicts of interest: No direct funding was provided for
this project. Eric Ding was supported by a grant from the American Heart
Association and American Diabetes Association. Susan Hankinson was
supported by a grant from the National Institutes of Health (CA49449,
CA67262). The authors have no conflicts of interest to disclose.

Reprints: Eric Ding, ScD, Harvard School of Public Health, 655 Huntington
Avenue, Building 2, 3rd Floor Nutrition, Boston, MA 02115
(e-mail: eding@post.harvard.edu).

Copyright © 2013 by Lippincott Williams & Wilkins

ISSN: 0025-7974

DOI: 10.1097/MD.0b013e3182943bc2

Medicine * Volume 92, Number 3, May 2013

postmenopausal women. These findings help resolve prior inconsistent
findings and may carry important clinical and public health implications.

(Medicine 2013;92: 123-131)

Abbreviations: 25(0OH)D = 25-hydroxyvitamin D, BMI = body
mass index, CI = confidence interval, IOM = Institute of Medicine,
MOOSE = Meta-analysis Of Observational Studies in Epidemiology,
PLCO = Prostate, Lung, Colorectal and Ovarian Cancer Screening
trial, RR = relative risk, VITAL = VITamin D and OmegA-3 Trial,
WHI = Women’s Health Initiative.

INTRODUCTION

reast cancer is a leading cause of mortality in women.> Al-

though a number of breast cancer risk factors are well es-
tablished (for example, family history, breast density, parity,
alcohol use), very few are readily modifiable. Low circulating
vitamin D levels below 30 ng/mL were found in 77% of the
United States population from 2000 to 2004, paralleling the in-
creased trend of vitamin D deficiency in the last 2 decades.*®
Factors associated with lower circulating 25-hydroxyvitamin D
(25[OH]D) levels include obesity, low physical activity, higher
geographic latitude (marker of ultraviolet-B exposure), age, race,
skin type, and smoking,!%13:41:46:52 More importantly, circulating
25(0H)D, the best marker of vitamin D status,’®% is easily
modifiable with 1000 IU of daily vitamin D intake increasing
circulating 25(OH)D by 10 ng/mL.3’

Preclinical experimental evidence and previous retrospective
studies have suggested that vitamin D intake and higher circulat-
ing vitamin D levels may be protective against cancer,”-%31:66
potentially via regulation of cell division, apoptosis, and contact
inhibition.>® Vitamin D may also partially mediate the observed
association between physical activity and breast cancer risk
through sunlight exposure.?!>>->2 However, prospective studies in
humans have been inconsistent. For example, in 2 recent studies, 1
study found no association for 25(OH)D and breast cancer risk,>
while another found a strong inverse association.”® Although an
inverse association was also found in the Nurses’ Health Study,’
the largest prospective study to date from the Prostate, Lung,
Colorectal and Ovarian Cancer Screening trial (PLCO) again
found no association.>* Furthermore, results from 3 previous meta-
analyses were also inconsistent, with 2 of the studies reporting
no evidence for a dose-response relationship,'*?%® and none of
the previous studies accounted for menopause status.

Differences in study population, particularly menopausal
status and the range of circulating 25(OH)D levels, may poten-
tially account for some of these inconsistencies in observational
studies. Moreover, most previous investigations only considered
linear trends and compared extreme quantiles, without evaluating
possible nonlinear dose-response relations or heterogeneity of
baseline vitamin D levels across diverse populations.
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Therefore, to assess the dose-response relationship between
circulating 25(OH)D and breast cancer risk comprehensively,
we conducted a systematic review and meta-analysis of the pro-
spective literature, particularly focusing on differences between
pre- and postmenopausal women as well as potential nonlinear
associations for risk of breast cancer. (See also the accompanying
commentary on this study by Stearns and Visvanathan®?? in this
same issue.)

METHODS

Study Selection

We conducted a comprehensive literature search of
MEDLINE (National Library of Medicine, Bethesda, MD) and
EMBASE (Elsevier, Amsterdam, The Netherlands) from 1966
through May 2011. We followed the Meta-analysis Of Observa-
tional Studies in Epidemiology (MOOSE) guidelines for search-
ing and reporting. Search terms included MESH, EmTree, title/
abstract, and synonyms of breast cancer combined with vita-
min D, 25-hydroxyvitamin D, or calcifediol. Additional studies were
searched for via references of retrieved articles, direct author con-
tact for unpublished data, and referral by experts in the field.
Studies were excluded if they did not fulfill the following criteria: a)
human studies, b) prospective cohort and nested case-control
studies, ¢) measured circulating (serum/plasma) 25(OH)D at base-
line, d) reported a relative risk (RR) or odds ratio and confidence
interval (CI) per vitamin D category, ) reported outcome of breast
cancer risk. No language restrictions were imposed. Incident breast
cancer was analyzed as the outcome of interest due to varying
screening and treatments by country. In the first round of screening
abstracts (n = 974), 938 articles were excluded by search criteria
(Figure 1). In a second round of screening full text articles (n = 36),
27 articles were excluded: not prospective (11 articles), circulating
25(0OH)D not measured (6 articles), survival among cancer cohort
(5 articles), duplicate studies (3 articles), and case report (2 articles).
Our search criteria yielded 9 total prospective case control studies,
comprising 5206 incident cases and 6450 controls (Table 1).

Data Extraction

Data from these studies were tabulated using a standardized
extraction form. Discrepancies were resolved via group discus-
sion and review. Information extracted included lead author;
publication year; population; country of origin; menopausal status;
study design; average length and/or range of follow-up; number
of cases and controls by quantile; adjustment for body mass
index (BMI) or physical activity; mean age; 25(OHD) assay;
mean/median/range of circulating 25(OH)D levels by quantile;
RRs and standard error of breast cancer risk by quantile. When
RR estimates were reported for more than 1 set of adjustments,
we selected the most adjusted estimate.

We requested additional data via personal communications
from authors of all studies in order to conduct thorough dose-
response analysis and stratified analyses by menopausal status,
current postmenopausal hormone use, and tumor characteristics
(3 provided data by quantile, 1 provided stratified estimates and
data by batch, 6 provided stratified data by menopausal status,
and 5 provided stratified data by use of hormone replacement
therapy). Only 1 author (Chlebowski) of the 9 contacted study
authors did not provide additional de novo data. We further
obtained detailed batch and subcohort data from the Nurses’
Health Study I cohort (Appendix 1). Follow-up in the originally
published Rejnmark study averaged only 3 months, hence sub-
clinical influences on vitamin D levels could not be ruled out in
the original report. Thus, Rejnmark (personal communication)
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974 Articles Identified
From Literature Search

938 Excluded Based on Review of
Abstracts®
729 Laboratory and Not Human
95 Vitamin D Receptor
70 Reviews
44 Non-25(0H)D Exposures

36 Full Texts of Articles
Retrieved

27 Excduded After Full Text Review*
11 Not Prospective
6 Circulating 25(0OH)D Not Measured
5 Survival Among Cancer Cohort
3 Overlapping Studies
2 Case report
1 Review

9 Prospective Studies
Included

FIGURE 1. Summary of article selection process. *Studies
belonging to multiple classifications were counted only once.

provided an updated analysis restricted to cases diagnosed >1 year
after blood draw.

Vitamin D Measurements

Both immunoassay and liquid chromatography methods were
used to assess circulating 25(OH)D levels. For stratified analyses,
assay categories included radioimmunoassay (RIA) or chemilu-
minescent immunoassay (CIA) and high pressure liquid chromatog-
raphy (HPLC) or isotope dilution liquid chromatography-tandem
mass spectrometry. Plasma®?>°® and serum'->!52*%0 are comparable
mediums to measure circulating 25(OH)D, thus, we use circulating
25(OH)D to refer to both mediums.

Statistical Analysis

We calculated the RR as a pooled measure of the associa-
tion between circulating 25(OH)D levels and breast cancer risk
using both highest versus lowest category and a dose-response
meta-regression analysis. A random-effects meta-regression trend
estimation of summarized dose-response data, described by
Greenland and Longnecker,>*>* was used to derive the incre-
mental dose-response RRs between circulating 25(OH)D levels
and breast cancer risk. The continuous linear scale increment for
the trend-estimated RR was 5 ng/mL in circulating 25(OH)D.
Apparent nonlinear associations were statistically analyzed using
dose-response GLST (Generalized Least-Square Trend) meta-
regression and spline analysis for change in slope at specified
knot-points; splined variables were created using MKSPLINE
in STATA (StataCorp, College Station, TX). Goodness of fit
tests and comparative chi-square statistics were subsequently used
to optimize the knot-points in spline regressions and to test ro-
bustness of spline knots. Based on prior literature, test of effect
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No

31 No

7.4 yr

100
752
615
613

1A* 17.0 Total
Total, invasive

Finland

Pregnant Finnish women
2010 Malmo Diet and Cancer Study Sweden

2010

Agborsangaya'
Almquist?
Engelzz“

No

57 Yes

7.0 yr
(<1 yr-10 yr)

74
77

355

LC*
TA**

Yes
Non-influential

Yes

57

Invasive
Total, invasive

25.1 (11.0)
25.0 (9.6)

French E3N cohort France

Nurses’ Health Study II

2010

Yes

4.8 yr

IA*

USA

2011

Abbreviations: 1A

Eliassen??

immunoassay (includes radioimmunoassay* and chemiluminescent immunoassay**), LC = liquid chromatography (includes high pressure liquid chromatography-tandem mass

spectrometry* and isotope dilution liquid chromatography-tandem mass spectrometry**), PA

physical activity, SD = standard deviation.

= 2.5 nmol/L.

F1 ng/mL

modification by menopausal status was determined a priori. Ad-
ditionally, stratified meta-regressions were conducted to deter-
mine whether differences in tumor invasiveness, mean age, assay,
country, mean 25(OH)D levels, or adjustment for BMI and
physical activity influenced associations and explained heteroge-
neity across studies.** Linear meta-regressions were conducted in
sensitivity analyses using aggregate models, where effect esti-
mates were combined from all studies before estimating the
pooled linear dose-response. To assess the presence of publication
bias, we assessed the symmetry of individual study linear dose-
response slopes around the pooled estimate using Begg funnel
plots.'® All analyses were conducted using STATA 10 (StataCorp,
College Station, TX); p < 0.05 was considered statistically
significant.

Visual Assessments of Dose-Response Relations:
Ding Spaghetti Plot

A novel meta-analytic visual representation method was
developed by Eric L. Ding to aid in detecting nonlinear relation-
ships between circulating 25(OH)D levels and breast cancer risk
among postmenopausal women (Figure 2). The Ding Spaghetti
Plot consists of connected study-series line plots of individual
study RRs, where each “spaghetti noodle” represents a RR series
from the same study; and data points are represented by circles,
in which the relative size of each circle reflects the analytic
weight of each RR estimate (although weighting does not affect
the shape of the connected line plots). Thus, RRs with smaller
standard errors (that is, relatively larger sample sizes) are repre-
sented by larger data points. The aggregate graphical visual repre-
sentation, via the Ding Spaghetti Plot of all studies’ dose-response
“noodle” plots together, allows investigators to visually identify
potential nonlinear associations and different dose-response curves
from multiple data series across various studies. The centrally
averaged pooled dose-response curve, highlighted as the main
“noodle” in the Spaghetti Plot, represents the aggregate slope be-
tween knot-points. It is accompanied by upper and lower 95% CI
bands that represent the uncertainty of the central pooled dose re-
sponse curve.

RESULTS

A total of 9 prospective studies with 11 study sets were
included, comprising 5206 incident cases of breast cancer and
6450 controls (see Table 1). Mean 25(OH)D concentrations
ranged from 17.0 to 33.1 ng/mL. BMI was evaluated as a poten-
tial confounder in 8 of 9 studies, although adjustment for physical
activity was considered less often (4 of 9 studies).

Evaluating the presence of a linear dose-response relation-
ship, we observed a borderline statistically significant inverse
association between circulating 25(OH)D and breast cancer risk
(RR per 5 ng/mL = 0.99; 95% CI, 0.97-1.00; Table 2). However,
menopausal status was a statistically significant effect modifier
of this relationship (Pinteraction = 0-05), where the inverse associ-
ation between circulating 25(OH)D and breast cancer risk was
limited to postmenopausal women (RR per 5 ng/mL = 0.97;
95% CI, 0.93—1.00). No dose-response relationship was observed
among premenopausal women (RR per 5 ng/mL = 1.01; 95%
CIL, 0.98-1.04). This significant menopausal effect modification
was confirmed via several analytic approaches: 2-stage pooling
method (p = 0.05 for menopause effect), linear aggregate method
(p = 0.05 for menopause effect), and nonlinear spline models
(p = 0.05 for menopause effect).

In our primary analysis, analyzing 25(OH)D levels to care-
fully assess a dose-response, results indicated a significant in-
verse, nonlinear association between circulating 25(OH)D and
breast cancer risk among postmenopausal women, with apparent
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Premenopausal Women

Relative Risk

T T T T

10 20 30 40 50
A Circulating 25(OH)D (ng/mL)

Postmenopausal Women

1.5

Relative Risk

T T T T T

10 20 30 40 50
B Circulating 25(0H)D (ng/mL)

FIGURE 2. Ding Spaghetti Plot and pooled dose-response relationship between circulating 25(OH)D Levels and breast cancer risk,
stratified by menopausal status (A, premenopausal, and B, postmenopausal women). The solid dark gray line represents the central
pooled dose-response estimate, and the surrounding black lines represent 95% confidence interval bands. Each light gray ““spaghetti
noodle” represents a relative risk series from the same study; data points are represented by circles, with the relative size of each circle

reflecting the analytic weight of each RR estimate.
Note: Quantitative RR for Figure 2:
Postmenopausal p value for nonlinear dose effect modification:
* at 27 ng/mL: p for nonlinear slope change = 0.02
+ at 35 ng/mL: p for nonlinear slope change = 0.05

Point-specific RRs compared to 27 ng/mL (reference) among postmenopausal women:

* 35 ng/mL: RR=0.81 (95% Cl, 0.69-0.96), p = 0.01
* 40 ng/mL: RR = 0.83 (95% Cl, 0.71-0.97), p = 0.02

Dose-response nonlinear slope RRs per 5 ng/mL increase in circulating 25(OH)D in postmenopausal women:
» <27 ng/mL range: RR per 5 ng/mL increase = 1.01 (95% Cl, 0.98-1.04)
* 27-34 ng/mL range: RR per 5 ng/mL increase = 0.88 (95% Cl, 0.79-0.97)
* 35-40 ng/mL range: RR per 5 ng/mL increase = 1.03 (95% Cl, 0.94-1.12)

thresholds of 27 ng/mL (67 nmol/L) and 35 ng/mL (see Figure 2
and 3). Notably, while no dose-response relationship was ob-
served among the lowest range of 25(OH)D levels <27 ng/mL
(RR slope = 1.01 per 5 ng/mL; 95% CI, 0.98-1.04), higher
25(OH)D levels were associated with a reduced risk of breast
cancer between 27 ng/mL and 35 ng/mL (RR slope = 0.88 per
5 ng/mL; 95% CI, 0.79-0.97), with a p for nonlinear risk change
0f0.02 at 27 ng/mL. Furthermore, the reduction in risk somewhat
flattened (p = 0.05 for nonlinear risk change) at highest levels
>35 ng/mL (RR slope = 1.03 per 5 ng/mL; 95% CI, 0.94-1.12),
yet remained at lower risk compared to 27 ng/mL. The nonlinear
results were robust and relatively insensitive to changes in knot
location. The point-specific RRs among postmenopausal women
compared to a reference risk level of 27 ng/mL were RR = 0.81
(95% CI, 0.69-0.96) at 35 ng/mL, and RR = 0.83 (95% CI,
0.71-0.97) at 40 ng/mL. Moreover, effect modification by men-
opause was also confirmed in these spline models (p = 0.05),
with no association in premenopausal women.

Parsimoniously modeling linear dose-response in subgroup
analyses, the association did not appear to be modified by tumor
classification, study mean circulating 25(OH)D, geographic re-
gion of the study cohort, assay type, or current postmenopausal
hormone use (see Table 2), although these factors were assessed
among all women (since data further stratified by menopausal
status were not available). Restricting the analysis to studies that
adjusted for BMI did not alter the results. Physical activity was
a suggestive effect modifier of the linear dose-response relation-
ship among all women, where specifically, studies that adjusted
for physical activity observed a somewhat stronger inverse asso-
ciation (RR per 5 ng/mL = 0.96; 95% CI, 0.91-1.01), compared to
studies that did not adjust for physical activity (RR per 5 ng/mL =
1.01; 95% CI, 0.98-1.03), with Pinteraction = 0.10.
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Finally, we conducted a sensitivity analysis of 25(OH)D
cutpoints for the 3 laboratory batches of the Nurses’ Health Study,
with no evidence for an effect of specific cutpoints on the results
(see Appendix 1). As for assessing publication bias, the Begg test
(premenopausal: p = 0.71, postmenopausal: p = 0.92), the Egger
test (premenopausal: p = 0.83, postmenopausal: p = 0.88), and a
funnel plot of linear dose-response slopes provided no evidence
of publication bias (Appendix 2).

DISCUSSION

In the current dose-response meta-regression of prospective
studies examining the association between circulating vitamin D
and breast cancer risk, we observed an apparent nonlinear inverse
association where higher 25(OH)D levels at or above a 27 ng/mL
threshold were associated with a 12% lower risk of postmeno-
pausal breast cancer per 5 ng/mL increase in 25(OH)D. However,
no further reductions in risk of breast cancer were observed above
35 ng/mL 25(OH)D. Increases of 5 ng/mL circulating 25(OH)D
will typically occur when vitamin D intake is increased 500 1U/d.3’
In contrast, no association was observed among premenopausal
women. These results were consistent across multiple disease
definitions and population characteristics. Data indicated that
apparent inconsistencies from previous individual studies may
have been due to inadequate assessment of effect modification by
menopausal status and lack of spline dose-response analysis to
account for a nonlinear relationship between circulating vitamin
D and postmenopausal breast cancer risk. Previous conflicting
reviews did not account for these dose-response and menopausal
issues, 1426:68

Our nonlinear results are supported by other congruent
findings and indications of a threshold effect, most notably in

© 2013 Lippincott Williams & Wilkins
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TABLE 2. Stratified, Pooled Linear Dose-Response Relative Risks per 5 ng/mL Circulating 25(OH)D

Number of Study Sets*

RR (95% CI) per 5 ng/mL P for Effect Modification

Total breast cancer 11
Adjusted for BMI 10
Menopausal status

Premenopausal 6

Postmenopausal 9
Tumor classification

In situ tumor 3

Invasive tumor 9
Postmenopausal hormones

Current 5

Never/past 5
Mean circulating 25(OH)D

<27 ng/mL 6

>27 ng/mL 5
Adjusted for PA

Yes 7

No 4
Country

USA 7

Not USA 4
Assayt

Liquid chromatography 2

Immunoassay 9

0.99 (0.97-1.00)
0.99 (0.97-1.00)

1.01 (0.98-1.04) 0.05%*
0.97 (0.93-1.00)

0.93 (0.84-1.03) 0.28
0.99 (0.97-1.00)

0.99 (0.97-1.00) 0.71
0.98 (0.96-1.00)

0.99 (0.98-1.01) 0.85
0.99 (0.92-1.06)

0.96 (0.91-1.01) 0.10
1.01 (0.98-1.03)

0.97 (0.93-1.01) 0.74
0.98 (0.96-1.00)

1.01 (0.92-1.10) 0.70

0.99 (0.97-1.00)

*Bertone-Johnson contributed 3 study sets as determined by batch (except in situ was pooled for the 3 batches due to few cases).
**This significant menopausal effect modification was confirmed via several approaches: 2-stage method (p = 0.05), linear method (p = 0.05), and

nonlinear spline models (p = 0.05).

fImmunoassay includes radioimmunoassay and chemiluminescent immunoassay; liquid chromatography includes high pressure liquid
chromatography-tandem mass spectrometry and isotope dilution liquid chromatography-tandem mass spectrometry.

studies of dietary vitamin D and breast cancer risk. As discussed
by Garland et al,?® many earlier studies of vitamin D and breast
cancer risk may have offered null results given that the mean
25(OH)D levels in the majority of those studies were below the
spline threshold that we observed. A recent meta-analysis of die-
tary vitamin D intake and breast cancer risk supports the potential
threshold effect. Although no association was found in the crude
linear analysis, an inverse trend was observed comparing highest
versus lowest intake when limited to vitamin D intakes greater
than 400 TU/d (RR = 0.92; 95% CI, 0.87-0.97).32 Evidence of a
nonlinear relationship for the protective effect of circulating
25(OH)D has also been shown in other cancers. Notably, a pro-
spective analysis of circulating 25(OH)D and colon cancer risk
found a 3-fold decrease in risk of colon cancer above a threshold
of 20 ng/mL.%’ Similarly, a possible threshold effect was observed
in the Cohort Consortium Vitamin D Pooling Project of Rarer
Cancers, where circulating 25(OH)D levels in women were as-
sociated with a significantly decreased risk of kidney cancer
above 30 ng/mL (RR = 0.31; 95% CI, 0.12—0.85); however, as
this was an unexpected finding in their subgroup analyses,?” it
warrants further replication.

These results suggest that higher-dose vitamin D interven-
tions may yield a benefit for postmenopausal, but not premen-
opausal, breast cancer. One previous 4-year randomized trial of
vitamin D supplementation and cancer does appear to suggest that
daily supplementation with 1000 IU vitamin D plus calcium re-
duced total cancer mortality (RR = 0.40; 95% CI, 0.20-0.82), albeit
there were few breast cancer cases.*” Although the Women’s Health

© 2013 Lippincott Williams & Wilkins

Relative
Risk (95% Cl)

Premenopausal

Bertone-Johnson (2005) —_—tt— 1.04 (0.96, 1.13)
Rejnmark (2009) 0.94 (0.65, 1.36)
Almquist (2010) -— 1.06 (0.99, 1.13)
Agborsangaya (2010) 1.05 (0.90, 1.23)
Engel (2010) B E—— 0.92 (0.85, 1.00)
Eliassen (2011) —— 1.02 (0.97, 1.06)
Overall < 0.99 (0.97, 1.04)
Postmenopausal

Bertone-Johnson (2005) R s 1.03 (0.93, 1.15)
Bertone-Johnson (2005) —_— 0.96 (0.90, 1.02)
Bertone-Johnson (2005) —_— 0.99 (0.90, 1.08)
Chlebowski (2008) — 0.98 (0.93, 1.02)
Freedman (2008) —— 1.01 (0.97, 1.05)
McCullough (2009) — 1.03 (0.97, 1.09)
Rejnmark (2009) 0.88 (0.67, 1.15)
Almauist (2010) — 0.98 (0.95, 1.02)
Engel (2010) —_— 0.97 (0.93, 1.01)
Overall < 0.97 (0.93, 1.00)

T T T T
8 9 1 Ve 1.2

Relative Risk per 5 ng/mL 25(0H)D

FIGURE 3. Forest plot of linear dose-response of circulating
25(OH)D and breast cancer risk, stratified by menopausal status,
listed by first author and date of study. (P for menopause effect
modification = 0.05.) Note: Bertone-Johnson et al contributed
3 study sets as determined by batch (except in situ was pooled for
the 3 batches due to few cases).
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Initiative (WHI) vitamin D plus calcium trial was, to our knowl-
edge, the first randomized trial to specifically study vitamin D
supplementation and risk of invasive breast cancer among post-
menopausal women, the trial population had low baseline 25(OH)D
levels and used a supplemental dose of only 400 IU/d. In concor-
dance with the high-dose nonlinear hypotheses, the WHI trial
found no reduction in breast cancer risk (RR = 0.96; 95% CI,
0.85-1.09).!> Furthermore, in a recent reanalysis, vitamin D and
calcium supplementation was associated with a significant reduc-
tion in risk of breast cancer among women who were not taking
personal calcium and vitamin D supplements at randomization
(RR = 0.82; 95% CI, 0.70-0.97).!"!

However, many studies and reports have conflicting evi-
dence regarding dietary vitamin D. The recently released Institute
of Medicine (IOM) guidelines for dietary intake of vitamin D
and calcium stated that circulating 25(OH)D concentrations of
20 ng/mL are sufficient for 97% of the population, primarily
based on bone health.*° The IOM committee cited, at the time of
their report, a lack of sufficient evidence supporting higher cir-
culating 25(OH)D concentrations for protection against nonskeletal
outcomes, even though this has been a controversial topic among
national experts.'?

Although the effect of menopausal status on the association
between circulating 25(OH)D and breast cancer risk has not been
previously studied in detail, menopause is an important effect
modifier of the relationship between obesity and breast cancer.®3
In postmenopausal women, both obesity and adult weight gain
are associated with an increased risk of breast cancer, primarily
through increasing concentrations of circulating estrogens.?**
Conversely, obesity is inversely associated with risk of premen-
opausal breast cancer.’' Higher estrogen concentrations are as-
sociated with an increased risk of breast cancer in postmenopausal
and possibly premenopausal women.?>3%4243 However, higher
concentrations of circulating estrogens in postmenopausal women
are primarily driven by secretion of estrogen from adipose tissue,
whereas ovarian production is the primary driver of estrogen
concentrations in premenopausal women. Vitamin D may also
inhibit growth of breast cancer cells through down-regulation of
estrogen receptor expression and attenuation of estrogen signaling
and synthesis.*> Vitamin D supplementation may have interacted
with concurrent estrogen treatments in the WHI, as suggested in a
reanalysis of vitamin D and estrogen with colorectal cancer risk,
but not breast cancer risk, in the WHI'® Variation in the associ-
ation between 25(OH)D and breast cancer risk by menopausal
status, similar to the relationship between obesity and breast
cancer, may potentially be due to competitive binding of vitamin
D and estrogen at lower levels of circulating 25(OH)D.

The exact mechanism behind a specific threshold is unclear;
however, there are several molecular mechanisms that may ac-
count for an inverse association between circulating 25(OH)D
and postmenopausal breast cancer risk. There are 3 primary
pathways through which vitamin D, via the converted and tightly
regulated form of 1,25(OH)D (calcitriol), may prevent breast
cancer risk, including cell division, apoptosis, and contact inhi-
bition.>* 1,25(0OH)D and a functional vitamin D receptor control
cell growth and division through regulation of cyclins, cyclin-
dependent kinases, and cell cycle checkpoints.'®3>¢7 In addition
to regulating cell division, calcitriol is needed for cells to undergo
apoptosis.1740:484962 Failure to undergo apoptosis following
DNA damage can lead to continued proliferation and eventual
malignancy. Lastly, calcitriol regulates E-cadherin, a cell adhesion
molecule that is partially responsible for cellular contact inhibi-
tion.>337-3%61 T oss of contact inhibition is common in neoplastic
cells and often predicts a poor prognosis.’> Higher levels of prog-
nostic circulating 25(OH)D may also be associated with increased
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survival among breast cancer patients.3*366> These mechanisms
support the biological plausibility of an inverse association be-
tween circulating 25(OH)D and breast cancer risk, although more
work is needed to establish potential mechanisms of a nonlinear
threshold effect.

The current study has several potential clinical implications.
Most importantly, since low vitamin D levels are safely and in-
expensively reversed by supplementation, low vitamin D may be
one of the few modifiable risk factors for postmenopausal breast
cancer. Indeed, low vitamin D status is remarkably common,
particularly in older and non-white populations, which are known
to have an increased risk of breast cancer.*>>> From the national
average circulating 25(OH)D level of 24 ng/mL,3° daily supple-
mentation of 1000 IU/d vitamin D would be needed to reach the
approximate threshold of 35 ng/mL.37-38% Qur results highlight
and reinforce the importance of ongoing higher-dose vitamin D
intervention studies, such as the VITamin D and OmegA-3 TrialL
(VITAL) (2000 TU/d).> This level of supplementation corresponds
to an increase in circulating 25(OH)D levels of approximately
20 ng/mL among treatment arm participants.>”->%% Furthermore,
our results may support ongoing efforts to increase vitamin D
levels in selected populations, specifically postmenopausal women,
and help refine the indications for clinical measurement of cir-
culating vitamin D.

Although to our knowledge this is the most comprehen-
sive meta-analysis to date of the association between circulating
25(OH)D and breast cancer risk, there are limitations. First, it is
not possible to know to what degree the differences in 25(OH)D
levels between study populations are due to true differences in
exposure versus varying assay methods and batch-to-batch vari-
ation in laboratory results. Further, due to the nature of the pub-
lished data on circulating 25(OH)D and breast cancer risk, RRs
were reported by category of 25(OH)D levels rather than as
a continuous variable. Thus, inconsistent assays of circulating
25(OH)D may potentially lead to some misclassification, thus
reducing precision in the exact value of the optimal 25(OH)D
spline knot thresholds. However, assay misclassification would
be non-differentially random with respect to breast cancer, and
seems unlikely to explain the significant nonlinear spline associ-
ation. A future pooled analysis of individual patient-level data
and circulating 25(OH)D as a continuous variable, with an em-
bedded recalibration study to determine true differences in levels
between studies, would be helpful in confirming the nonlinear
inverse association as well as refine the spline thresholds.

The current meta-analysis was limited to published data,
and further adjustment for individual BMI and physical activity
was not possible, thus residual confounding remains a possibility.
However, almost all the studies included adjusted or considered
adjusting for BMI, and the results were not altered when exclud-
ing studies that did not adjust for BMI. Furthermore, stratified
analyses of adjustment for physical activity suggested that studies
that adjusted for physical activity observed a stronger inverse as-
sociation between circulating 25(OH)D and breast cancer. Thus,
residual confounding by physical activity is likely to attenuate
the results, and is unlikely to explain observed associations. Not
all studies reported breast cancer endpoints by tumor classifica-
tion (in situ or invasive); however, authors of studies that assessed
different endpoints were contacted, and stratified results were re-
trieved for all studies queried, which reported similar associations.
Lastly, the systematic review was limited to published results or
additional data provided by study investigators, and although the
possibility cannot be excluded, we observed no publication bias.

In conclusion, findings from the current systematic review
comprising 5206 incident cases of breast cancer and 6450 control
cases suggest that the association of circulating 25(OH)D with
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breast cancer risk differed a) by menopausal status, and b) non-
linearly by dose. Notably, a modest inverse association between
25(OH)D and breast cancer risk was observed among postmen-
opausal women, whereas no association was observed among
premenopausal women. Furthermore, there is suggestive evidence
of a nonlinear inverse association between circulating 25(OH)D
and postmenopausal breast cancer risk, specifically at or above
a threshold of 27 ng/mL. These findings highlight the potential
importance of attaining a target threshold of circulating 25(OH)D
levels for vitamin D among postmenopausal women to exert
possible protective effects on breast cancer risk. Additional de-
tailed dose-response assessments in large prospective studies are
needed to confirm these findings. Ultimately, the benefit of vita-
min D supplementation for postmenopausal women will need to
be validated in large clinical trials, such as the on-going VITAL
trial,’> with adequate doses that sufficiently modify circulating
25(OH)D levels.
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APPENDIX 1.
Data From the Nurses’ Health Study and
25(OH)D Batch Cutpoints

Due to variation in mean and standard deviation of circu-
lating 25(OH)D levels between 3 different batches of distinct
cases and controls in the Nurses’ Health Study, the study data
were extracted and analyzed with 3 sets of RRs and 25(OH)D
levels by quantile for dose-response analyses.?’ Additional in-
formation from the original author (Bertone-Johnson, personal
communication) facilitated the extraction of accurate informa-
tion for each batch independently; thus data from the Nurses’
Health Study were analyzed as 3 study sets instead of 1. No
cases or controls belonged to more than 1 of these independent
batches, and batches represented distinctly different person-
time, which makes the 3-batches analysis identical to pooling
HRs from Cox proportional hazard models stratifying on time.
A sensitivity analysis was conducted using different 25(OH)D
cutpoints since the variation in levels was likely due largely to
laboratory batch-to-batch variation.

To assess the effect of batch-to-batch variation in 25(OH)D
cutpoints of the 3 batches used from the Nurses’ Health Study,
we conducted a sensitivity analysis using the lowest and highest
25(0OH)D level for all 3 batches. Since the variation between
batches is likely due to lab differences rather than true differences
among the participants, we wanted to ensure that the different
batch 25(OH)D cutpoints were not influencing the results. Ac-
cordingly, the batch cutpoint did not influence the results when
the lowest or highest 25(OH)D level was used for all 3 batches
(p =0.02, p=0.02, and p = 0.04 for dose-interaction).

APPENDIX 2.
Figures A and B
Funnel plot of linear dose-response slopes, by menopausal
status (A, premenopausal, and B, postmenopausal women). Note
there was no evidence of publication bias.
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