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Abstract

Aromatase inhibitor (AI)-induced arthralgia (AIA) is a common reason for AI noncompliance. 

Retrospective analysis of MA.27 study revealed no clear correlation between vitamin D levels and 

AIA. However, patients with a Fok-I vitamin D receptor polymorphism were more likely to have 

lower interleukin 1β, and less likely to develop AIA. Through this type of risk stratification, future 

AIA clinical trials might be able to focus on high-risk populations.

Background: Approximately half of women taking aromatase inhibitor (AI) therapy develop AI-

induced arthralgia (AIA), and many might discontinue AI therapy because of the pain. Using 
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plasma samples from the MA.27 study, we assessed several factors potentially associated with 

AIA.

Patients and Methods: MA.27 is a phase III adjuvant trial comparing 2 AIs, exemestane versus 

anastrozole. Within an 893-participant nested case-control AIA genome-wide association study, 

we nested a 72 AIA case-144 control assessment of vitamin D plasma concentrations, corrected 

for seasonal and geographic variation. We also examined 9 baseline inflammatory cytokines: 

interleukin (IL)-1β, IL-6, tumor necrosis factor-α, interferon (IFN)γ, IL-10, IL-12p70, IL-17, 

IL-23, and chemokine ligand (CCL)-20. Finally, we analyzed the multivariate effects of baseline 

factors: vitamin D level, previously identified musculoskeletal single nucleotide polymorphisms, 

age, body mass index, and vitamin D receptor (VDR) Fok-I variant genotype on AIA 

development.

Results: Changes in vitamin D from baseline to 6 months were not significantly different 

between cases and controls. Elevated inflammatory cytokine levels were not associated with 

development of AIA. The multivariate model included no clinical factors associated with AIA. 

However, women with the VDR Fok-I variant genotype were more likely to have a lower IL-1β 
level (P = .0091) and less likely to develop AIA after 6 months of AI compared with those with the 

wild type VDR (P < .0001).

Conclusion: In this nested case-control correlative study, vitamin D levels were not significantly 

associated with development of AIA; however, patients with the Fok-I VDR variant genotype were 

more likely to have a significant reduction in IL-1β level, and less likely to develop AIA.
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Introduction

Aromatase inhibitors (AIs) are the most effective adjuvant anti-hormonal therapy for 

postmenopausal women with breast cancer,1 but approximately half of them will develop 

AI-induced arthralgias (AIAs).2 AIAs are detrimental to women’s quality of life, impairing 

functioning in household, recreational, and occupational activities.3,4 Furthermore, 13% to 

20% of women discontinue AI therapy principally because of arthralgias.5,6 In larger 

studies, overall rates of nonadherence to AI therapy for any reason are 32% to 50% at 3 

years.7 Nonetheless, neither the etiology nor the optimal management of AIA is clearly 

understood.

It is commonly thought that a low estrogen level causes AIA, similar to the phenomenon of 

“arthritis of menopause.” Estrogen is very important in vitamin D activation because it 

increases activity of 1α hydroxylase, which catalyzes conversion of 25(OH)D to its active 

form, 1,25(OH)2D.8 Estrogen also increases the activation of the vitamin D receptor (VDR).
8 Therefore, a low estrogen state could potentially decrease the amount of active vitamin D 

available, supported by the fact that 75% to 90% of women receiving AI therapy are vitamin 

D insufficient.9,10 Vitamin D deficiency is known to cause a syndrome of muscle and joint 

aches, which is very similar to AIA,11 and some preliminary evidence has supported the role 
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of vitamin D in preventing or treating AIA.12,13 Furthermore, vitamin D is known to inhibit 

release of inflammatory cytokines interleukin (IL)-1, IL-6, and tumor necrosis factor (TNF)-

α from macrophages.14,15 Therefore, we hypothesized that AIs cause extremely low 

estrogen levels, which lead to lower vitamin D levels and, thus, cause disinhibition of 

inflammatory cytokines, ultimately resulting in AIA.

However, clinically, some women respond to vitamin D supplementation with complete 

resolution of AIA, whereas others reap almost no benefit.16 We suspect that individual host 

factors might play a role in patients’ differential response to vitamin D. Therefore, we 

examined plasma samples from 204 patients in the MA.27 study at baseline and at 6 months. 

The primary objective was to compare change in vitamin D level from baseline to 6 months 

between cases (women who developed AIA) and controls (those who did not develop AIA). 

The secondary objectives included evaluation of a multivariate model incorporating many 

clinical factors that might be associated with the development of AIA, as well as further 

investigation of the role of VDR polymorphisms in the development of AIA.

There are many described polymorphisms in the VDR gene, but the Fok-I variant is the only 

known alteration that results in 2 different protein products.17 Because of a different 

translation initiation site on the VDR, people with the Fok-I variant have a truncated VDR-

FF variant with only 424 amino acids, as compared with the full-length VDR-ff, comprised 

of 427 amino acids.18 The Fok-I variant is not uncommon, with 35% homozygous FF, and 

50% heterozygous for Ff in the European Caucasian population17 Previous work has shown 

that the FF variant is more responsive to lower levels of vitamin D, with higher vitamin D 

levels resulting from equivalent vitamin D supplementation, compared with the ff subtype.19

Patients and Methods

Patient Population

The Canadian Cancer Trials Group MA.27 study (ClinicalTrials.gov identifier: 

NCT00066573) is the largest adjuvant endocrine therapy trial conducted to date that has 

exclusively studied AIs and prospectively collected blood for DNA extraction and patient 

consent for its use in genetic studies.20 All samples banked in the North American patients 

were stored in strict accordance with National Institutes of Health processes. A total of 7576 

women with early stage estrogen receptor-positive breast cancer were randomized, 1:1 to 

receive adjuvant exemestane or anastrozole. Stratification factors included trastuzumab 

therapy, lymph node status at diagnosis, and previous adjuvant chemotherapy. Patients were 

required to have discontinued hormone replacement therapy (HRT) and/or raloxifene at least 

3 weeks before randomization. There was no significant difference in event-free survival 

between the treatment arms (exemestane vs. anastrozole) in the MA.27 trial.20

In the current study, we investigated a subset of the patients included in a GWAS that 

included a total of 878 cases and controls, examining AIA as the phenotype.21 Cases were 

defined as patients who had at least 1 of 6 Grade 3 to 4 musculoskeletal (MSK) adverse 

events (MS-AEs; joint pain, muscle pain, bone pain, arthritis, diminished joint function, or 

other MSK problems) within 1 to 2 years of AI treatment, or discontinued treatment for any 

Grade of MS-AE. Patients who fulfilled the case definition during celecoxib treatment, or 
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within 3 months of stopping celecoxib, were excluded as cases. Controls did not experience 

any of the MS-AEs, were followed at least 2 years, and had at least 6 months longer follow-

up than a case to which they were matched; thus, controls were not receiving celecoxib for 

at least 6 months.21 Of the 878 patients with GWAS information, we randomly selected 72 

cases and 144 matched controls (Figure 1), which are all representative of the original 878 

samples, with no statistically significant clinical differences.

Study Design and Methods

Plasma samples were drawn early in the morning during the MA.27 study period. Because 

inflammatory cytokines exhibit diurnal variation, this consistency in the timing of the blood 

draws limits potential error in cytokine quantitation. We tested each of the 204 patients’ 

baseline and 6-month plasma samples for 25-hydroxy vitamin D in a Clinical Laboratory 

Improvement Amendments (CLIA)-certified lab. We used the DiaSorin (Italy) Liaison 

chemi-luminescent immunoassay that has a range of 4 to 150 mg/mL. Using 200 μL of 

patient plasma for each assay, we followed the protocol recommended by the manufacturer 

instructions.

The inflammatory cytokines were assayed concurrently from the baseline and 6-month 

plasma samples. We determined plasma levels of pro- and anti-inflammatory cytokines 

TNF-α, IFNγ, IL-1β, IL-6, IL-10, IL-12p70, IL-17, IL-23, and CCL-20 using multiplex 

assays from EMD Millipore (Billerca, MA), via the manufacturer’s recommended protocol.

Finally we used the existing GWAS data21 including these patients. We assessed VDR 

polymorphisms in Fok-I gene rs2228570. The single nucleotide polymorphism (SNP) 

rs2228570 is located in chromosome 12 at base position 48272895 (GRCh37.p13). The 

variant allele in this report is allele A whereas the reference allele is reported as G.

Statistical Analysis

Cases and controls were matched on the basis of the following factors: treatment arm 

(anastrozole or exemestane), presence or absence of previous adjuvant chemotherapy, age at 

start of AI treatment (±5 years), and time enrolled in study. When possible, each case was 

matched with 2 controls.

A sample size of 216 (72 cases and 144 matched controls) was planned for this study. 

Assuming a laboratory assessment failure rate of 10%, there would be 192 assessments for 

analysis. We assumed the SD of change in vitamin D levels to be 15 ng/mL. With a 2-sided 

significant level α = 0.05 and power = 90%, the detectable effect size depends on the 

variance inflation factor (VIF) of the regression model: for a VIF = 1.5, the detectable effect 

size = 0.62 (9.3 ng/mL), for a VIF = 2, detectable effect size = 0.72 (10.8 ng/mL), for VIF = 

3, the detectable effect size = 0.88 (13.2 ng/mL). Of the original 878 cases and controls,21 

we examined 216 randomly selected subjects, comprised of 72 cases and 144 controls. 

Using exact Fisher tests, we confirmed that there are no significant imbalances in treatment 

and stratification factors for the selected cohorts of patients in this analysis, compared with 

the original 878 cases.21 Ultimately, 204 samples had matching baseline and 6-month 

plasma samples available and were included in the final analysis. A multivariate regression 
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model was used for primary evaluation of the association between change in vitamin D level 

and AIA. The variables to be included in the model are listed in the paragraph plan below.

To assess the primary objective of change in vitamin D levels over 6 months between cases 

and controls, we developed a multivariate regression model. The model was adjusted for the 

effects of prespecified key factors (including AIA status, MA.27 treatment allocation, lymph 

node status, clinical stage, previous adjuvant chemotherapy, race, body mass index [BMI], 

previous use of taxane chemotherapy, recent use of HRT, osteoporosis therapy, fracture in 

past 1 year, raloxifene use, and inclusion in the MA.27B bone substudy22). Per Reporting 

Recommendations for Tumor Marker Prognostic Studies (REMARK) 2012, full fitting can 

overestimate significance, so for eventual application with fewer factors as well as 

sensitivity estimate of vitamin D effect, a backward stepwise model selection procedure was 

used to select factors that were significantly associated with change of vitamin D levels with 

an unadjusted significant level of 0.05 for including/excluding variables from the model. 

Because of geographic and seasonal variations in vitamin D, the Mayo Clinic formula23 was 

used to control for these differences and compare patients across various time points and 

geographic locations.

The secondary objective of modeling occurrence of AIA used several clinical factors, which 

were available at baseline, including initial vitamin D level, previously identified MSK 

SNPs, use of aspirin, use of trastuzumab, age, BMI, previous taxane chemotherapy, recent 

use of HRT, fracture in past 10 years, inclusion in MA.27B bone substudy, osteoporosis 

therapy, and VDR polymorphisms. These factors were taken into account using a 

multivariate linear regression analysis. A backward stepwise model selection procedure was 

used to select factors that were significantly associated with level of inflammatory cytokines, 

with an unadjusted significance level of 0.05 for including/excluding variables from the 

model.

To determine whether Fok-I VDR polymorphisms were associated with higher levels of 

inflammatory cytokines, we used a multivariate Fisher linear discriminant analysis to model 

the AIA outcome with the following variables: baseline vitamin D level, previously 

identified MSK SNPs, use of aspirin, use of herceptin, age, BMI, previous taxane 

chemotherapy, recent use of HRT, fracture in past 10 years, inclusion in MA.27B bone 

substudy, osteoporosis therapy, and VDR polymorphism. A backward stepwise model 

selection procedure was used to select factors that were significantly associated with level of 

inflammatory cytokines, with an unadjusted significance level of 0.05 for including/

excluding variables from the model.

The χ2 goodness of fit test was used to compare the counts of cases and controls in the wild 

type VDR and Fok-I VDR groups to determine whether those patients with the Fok-I 

polymorphism have a higher incidence of AIA.
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Results

Patient Characteristics

A total of 216 patients were initially included in this study (72 cases and 144 controls), and 

204 were analyzed because they had baseline and 6-month samples available. Table 1 shows 

the patient characteristics according to AIA status. The median age was 64.33 (range, 47.97–

86.89), and the median BMI was 27.7 (range, 18.44–61.01). There were no significant 

differences between cases and controls in the study patients included in this analysis.

Table 1 shows a comparison of the patient characteristics of the GWAS patients who were 

included in the vitamin D study, and those who were not. They were balanced in all regards 

except for history of previous chemotherapy and HRT. A higher percentage of patients 

received previous adjuvant chemotherapy in the current analysis, compared with the original 

GWAS cohort study (37.4% versus 29.5%; Fisher exact test P = .034). Specifically, more 

patients in the current analysis had previously received taxane chemotherapy (21.5% vs. 

14.5%; Fisher exact test P = .019). Additionally, in the current analysis, fewer women 

recently used HRT compared with those in the original GWAS cohort study (47.7% vs. 

50.8%; P = .007).

Vitamin D

Although there was a statistically significant increase of 4.52 ng/mL in vitamin D level in 

the entire population studied (P = .049) during the initial 6 months of AI therapy, the cases 

and controls did not differ from each other in their increase in vitamin D level. In fact, there 

was no demonstration of statistically significant difference in vitamin D levels between cases 

and controls at any of the studied time points. The annual mean baseline vitamin D level for 

cases was 30.66 ng/mL, compared with 29.62 ng/mL for controls (P = .35). Similarly, there 

was no significant difference between cases and controls in the month 6 vitamin D level (P 
= .88), or in the change from baseline to month 6 vitamin D (P = .39). See Table 2 for 

complete details. The histograms in Figure 2 show the vitamin D level at baseline and month 

6, in cases as well as in controls.

Although there was no difference in vitamin D levels in the overall study group, those who 

were overweight (BMI 25–30), were found to have an average of 4.2 ng/mL lower baseline 

vitamin D level than those with a healthy weight (BMI < 25; P = .038). Similarly, obese 

patients (BMI > 30) had an average 10.6 ng/mL lower baseline vitamin D level than patients 

with a healthy body weight (P ≤ .0001). Patients who had previously used HRT had higher 

baseline vitamin D levels (4.5 ng/mL higher, on average) compared with those who had not 

used HRT. The same pattern was observed in an examination of 6-month vitamin D levels in 

these groups.

After completing our analysis of one-third of the samples, we then performed another 

calculation to determine whether testing the remaining samples might yield a different 

result. The conditional power was calculated for baseline difference between cases and 

controls.24 The conditional power gives the probability of having a positive result when all 

samples are tested on the basis of results from current stage of study (which is the difference 

between controls and cases = −1.04; SD = 11.57). The conditional power is calculated to be 
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2.19%, meaning that testing all 848 samples from the GWAS analysis would yield < 5% 

chance of a positive outcome.

Multivariate AIA Model

We examined the subjects for associations between development of AIA and multiple 

clinical factors, including initial vitamin D level, previously identified MSK SNPs, use of 

aspirin, use of trastuzumab, age, BMI, previous taxane chemotherapy, recent use of HRT, 

fracture in past 10 years, inclusion in MA.27B bone substudy, osteoporosis therapy, and 

VDR polymorphisms. However, there was no statistically significant association between 

any of the predefined factors and development of AIA in our subset of 204 patients.

Inflammatory Cytokines and VDR Polymorphisms

In a comparison of the number of AIA cases versus controls in the VDR wild type group and 

VDR Fok-I variant group for SNP rs2228570, there was insufficient evidence (P = 1.0) to 

claim that there was a significantly less number of arthralgia patients with the Fok-I VDR 

variant compared with wild type patients. However, we observed sufficient evidence (P < 

2.26e-16) within the Fok-I variant genotype group (minor allele frequency = 0.3) to state 

that there were significantly less AIA in these patients compared with patients with the wild 

type VDR (Table 3). In the univariate model, we compared the inflammatory cytokines 

between the patients who had the Fok-I VDR variant versus those with wild type VDR. In 

the multivariable model, we adjusted for treatment, lymph node status, stage, previous 

adjuvant chemotherapy, age, BMI, previous taxane chemotherapy, recent use of HRT, 

osteoporosis therapy, fracture in past 10 years, and raloxifene use. Patients with the Fok-I 

VDR variant genotype were found to have lower IL-1β levels at 6 months, compared with 

patients with wild type VDR. The average difference was 49.4 pg/mL (P = .0091). The other 

inflammatory cytokines that were tested (TNF-α, IFNγ, IL-6, IL-10, IL-12p70, IL-17, 

IL-23, and CCL-20) showed no clear association at baseline or 6-month levels with either 

VDR polymorphism or development of AIA (Table 4).

Discussion

There were limitations of the study. This analysis of a subset of MA.27 patients did not show 

a significant association with decreasing vitamin D levels and the development of AIA. 

Because of this finding, clinical trials in this arena moving forward might benefit from 

focusing on factors other than vitamin D alone. This would also support the conflicting 

clinical trial results to date. Some studies have shown association between low baseline 

vitamin D levels and development of AIA,25–27 although other studies have not.28 The 

International Breast Cancer Intervention Study II (IBIS-II) trial28 was one of the larger 

analyses to ask this question in 416 patients, and it did not show a correlation with low 

baseline vitamin D level and AIA, similar to the results of this analysis.

In a study by Khan et al,12 60 women who were beginning adjuvant AI therapy were 

supplemented with vitamin D at 50,000 IU per week for 12 weeks if they had low baseline 

vitamin D levels (≤ 40 ng/mL). They reported that that the supplementation was effective in 

raising women’s vitamin D levels, and higher vitamin D level (25OHD > 66 ng/mL) 
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correlated with less joint pain and disability from joint pain.12 In contrast, another 

prospective study with similar design only supplemented the women with vitamin D levels 

of < 40 ng/mL with 16,000 IU of oral vitamin D3 every 2 weeks. Half of the women failed 

to achieve vitamin D levels ≥ 40 ng/mL at 3 months, and there was no improvement in joint 

pains.29

The VITamin D and OmegA-3 TriaL (VITAL) trial13 then randomized 160 women starting 

adjuvant AI therapy with < 40 ng/ mL vitamin D level to receive either vitamin D3 at 30,000 

IU weekly, or placebo. They reported that the women in the high-dose vitamin D arm had a 

lower incidence of MSK events (worsening pain or disability, or discontinuation of the AI), 

although the arthralgia was only significantly improved in the vitamin D arm when assessing 

joint pain with the Brief Pain Inventory, but not with the Health Assessment Questionnaire.
13 These results were somewhat inconsistent because arthralgia was not consistently 

improved with high-dose vitamin D, and they did not investigate the physiology of the 

potential role for vitamin D in treating AIA.

Because we are faced with inconsistent results on the question of vitamin D and AIA, we 

must consider the possibility that AIA is not driven simply by vitamin D, but perhaps a more 

complex constellation of factors. For example, heterogeneity in VDR might play a role in 

AIA as well. When considering the entire subset of 878 patients,21 we found that presence 

of the Fok-I VDR variant genotype was associated with significantly lower probability of 

developing AIA (Table 4). Those with the Fok-I VDR variant also had significantly lower 

IL-1β levels at 6 months. This could be correlated to the fact that those with the variant SNP 

genotype are known to be more sensitive to vitamin D, with lower levels of exogenous 

vitamin D resulting in higher vitamin D levels compared with those of wild type.19 Thus, 

because the vitamin D level tended to increase in patients on this study, we hypothesize that 

those with the Fok-I VDR were more sensitive to this increase, resulting in more suppression 

of inflammatory cytokine IL-1β. Because IL-1β is one of the most important inflammatory 

cytokines implicated in arthritis,30 this might be associated with AIA if we were to study 

large numbers of patients.

We investigated only a small subset of patients from MA.27. Although the futility analysis 

showed that there was a low likelihood of finding a significant result if we examined 

additional patients, the study was only powered to find a difference in vitamin D levels 

between the arms of no smaller than 9 to 13 ng/mL. Furthermore, all of the patients included 

in the current analysis were Caucasian and living in the United States or Canada. Because 

vitamin D is dependent on skin color, sunlight exposure, and genetic variation, this lack of 

racial and geographic heterogeneity is a limitation.

The results of our study raise interesting clinical questions for future investigation. For 

example, the data do imply that individual host factors might play a role in a woman’s 

vitamin D metabolism and inflammatory cytokines. These factors, in turn, might influence a 

woman’s likelihood of developing AIA. Specifically, the lower 6-month IL-1β level and the 

lower incidence of AIA among patients with the Fok-I VDR variant genotype is thought-

provoking. This truncated form of the VDR is known to be associated with a lower risk of 

breast cancer compared with the wild type.31,32 Perhaps the lower IL-1β level in the patients 
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with the variant polymorphism confers an advantage in terms of breast cancer recurrence, as 

would be supported by studies that suggest an adverse effect of IL-1β in breast cancer.33,34 

Also, IL-1β has been implicated in other joint pain syndromes, such as rheumatoid arthritis.
35 Thus, the lower level of IL-1β might be associated with a decreased rate of AIA in 

patients with the Fok-I variant. However, this remains speculative, and should be studied in 

the future.

Conclusion

This retrospective analysis of 204 plasma samples from the MA.27 study indicated that there 

is likely no correlation between vitamin D levels and the development of AIA in the general 

population. However, in the subset of patients with the Fok-I VDR variant genotype, there is 

an association with lower IL-1β levels during AI therapy and a lower rate of AIA. Therefore, 

host heterogeneity might play a critical role in vitamin D metabolism and development of 

AIA.
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Clinical Practice Points

• Although AIA is a common reason for noncompliance among women who 

are taking AI therapy, the cause and treatment of this syndrome remain 

unclear.

• Many treatments, including vitamin D, have been tried with varying levels of 

success.

• In our retrospective study of MA.27 serum samples, we found that changes in 

vitamin D level were not correlated with development of AIA.

• However, those with a particular VDR polymorphism (Fok-I) do have lower 

levels of the inflammatory cytokine, IL-1β, and they are less likely to develop 

AIA.

• This raises the question of whether IL-1β, which is known to be important in 

rheumatoid arthritis, could also play a role in the pathogenesis of AIA.

• Finally, this work suggests that host heterogeneity might be a factor in 

determining who develops AIA, and it might help us to identify certain 

populations for future clinical trials, who would stand to benefit the most 

from AIA treatment.
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Figure 1. Study Design: Consolidated Standards of Reporting Trials Flow Diagram
Abbreviations: AIA = aromatase inhibitor-induced arthralgia; GWAS = genome-wide 

association study.
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Figure 2. (A) Histogram of Baseline Vitamin D Levels in Cases. (B) Histogram of Baseline 
Vitamin D Levels in Controls. (C) Histogram of 6-Month Vitamin D Levels in Cases. (D) 
Histogram of 6-Month Vitamin D Levels in Controls
(A) Histogram of Baseline Vitamin D Levels in Cases. (B) Histogram of Baseline Vitamin D 

Levels in Controls. (C) Histogram of 6-Month Vitamin D Levels in Cases. (D) Histogram of 

6-Month Vitamin D Levels in Controls
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Table 2

Change in Vitamin D Level in Cases Versus Controls

Case Control P

n 68 136

Baseline Vitamin D 30.7 29.6 .351

Month 6 Vitamin D 34.2 34.7 .877

Mean Δ Vitamin D 3.7 5.1 .393

Minimum Δ Vitamin D −11.5 −29.7

Maximum Δ Vitamin D 28.9 62.57

Clin Breast Cancer. Author manuscript; available in PMC 2020 September 03.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Niravath et al. Page 20

Table 3

Distribution of AIA Cases and Controls, on the Basis of Vitamin D Receptor Polymorphism Status

Polymorphism Status Cases Controls P

Wild Type VDR 24 49 NS

Fok-I VDR 269 536 <.0001

Abbreviations: AIA = aromatase inhibitor-induced arthralgia; VDR = vitamin D receptor.
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