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Abstract 

 It is estimated that, in the year 2010, more than 200,000 American women 

will be diagnosed with breast cancer and that approximately 40,000 more will die 

from breast cancer-related causes. In Denmark, yearly breast cancer incidence 

between 2004 and 2008 equaled about 4,100 cases, with approximately 1,200 

related deaths. The objective of this dissertation is to estimate associations between 

treatment with two classes of prescription drug (cardiac glycosides and vitamin K 

antagonists) and the incidence of invasive breast cancer, and to explore whether 

single-nucleotide polymorphisms in metabolic enzymes change the effectiveness of 

the drug tamoxifen in preventing breast cancer recurrence. 

 The first study enrolled 5,565 incident cases of invasive breast carcinoma 

and 55,650 matched controls from the female populations of two Danish counties. 

We characterized past exposure to cardiac glycoside drugs (i.e., digoxin) using the 

counties’ automated, electronic pharmacy databases. Women ever treated with 

digoxin had a 30% increased rate of developing breast cancer compared with 

women never treated with digoxin (OR: 1.30; 95% CI: 1.14, 1.48). The association 

magnitude increased directly with the length of digoxin exposure, and was robust to 

adjustment for age, co-medications, and medical indications similar to those for 

digoxin treatment. 

 The second study employed heart valve replacement as an instrumental 

variable to estimate the associations between vitamin K antagonist treatment and 

the incidence of breast and 23 other site-specific cancers. According to the 

instrumental variable estimator, women treated with a vitamin K antagonist did not 

have an elevated breast cancer incidence rate, compared with women never treated 

with a vitamin K antagonist (IRR: 1.1; 95% CI: 0.88, 1.3). Associations with most 
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other cancer sites were similarly null, and the overall pattern of site-specific cancer 

associations was consistent with an underlying null-centered distribution. 

The third study evaluated the association between functional polymorphisms 

in the UDP-glucuronosyltransferase enzymes responsible for the conjugation and 

elimination of active tamoxifen metabolites and the rate of breast cancer recurrence 

among tamoxifen-treated women. We observed no association between breast 

cancer recurrence and having 2 variant alleles at the UGT2B15*2 locus (OR: 0.68 

95% CI: 0.45, 1.0), nor having 2 variant alleles at the UGT2B7*2 locus (OR: 0.85; 

95% CI: 0.54, 1.3).
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INTRODUCTION 

 The American Cancer Society estimates that, in the year 2010, over 200,000 

new cases of invasive female breast cancer will be diagnosed, and that 

approximately 40,000 women will die from breast cancer-related causes.1 The 

Danish Cancer Society reports that approximately 4,100 new breast cancer 

diagnoses and 1,200 related deaths occurred each year in the period from 2004 to 

2008.2 Breast cancer is a disease with well-characterized hereditary and 

reproductive risk factors, but research efforts to date have uncovered few strong 

associations between breast cancer and mutable exposures. 

The major goal of this dissertation research is to add to current knowledge on 

modifiable risk factors for breast cancer incidence and recurrence through the 

following specific aims: 

 

Study 1: Cardiac glycoside treatment and breast cancer incidence. 

Specific Aim: To evaluate whether treatment with a cardiac glycoside (i.e., 

digoxin or digitoxin), compared with no such treatment, affects the risk of incident 

breast cancer among Danish women. 

 
Study 2: Vitamin K antagonist therapy and the incidence of site-specific 

cancers. 

 Specific Aim: To evaluate whether anticoagulation treatment with a vitamin K 

antagonist (e.g., warfarin), compared with no such treatment, affects the incidence 

rate of breast or other site-specific cancers in the Danish population. 
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Study 3: Polymorphisms in UDP-glucuronosyltransferases and breast cancer 

recurrence in tamoxifen-treated women. 

Specific Aim: To evaluate the associations between functional gene 

polymorphisms in two enzymes responsible for the systemic elimination of active 

tamoxifen metabolites and the rate of breast cancer recurrence among women 

treated with tamoxifen. 

 

The three studies comprising this dissertation made use of various  

population-based registries in Denmark. The Danish government has systematically 

recorded information about its approximately 5.5 million citizens since as early as 

the 18th Century.3 More than 200 specialized databases have been constructed 

since then, tracking vital status, health, employment, residence, and a host of other 

aspects of Danes’ daily lives. In contrast with most other collections of such data, 

the Danish registries are not independent of one another: they can be linked 

together in any combination using the civil personal registration (CPR) number—a 

unique ten-digit identifier assigned to all Danish residents upon birth or immigration. 

The studies in this dissertation employ (1) pharmacy databases (which 

operate at both regional and national levels) to ascertain drug exposures (i.e., 

cardiac glycosides and vitamin K antagonists); (2) a specialized breast cancer 

database administered by the Danish Breast Cancer Cooperative Group (DBCG), 

which since 1977 has enrolled and tracked almost all women under 70 years of age 

diagnosed with invasive breast cancer; (3) the Danish Cancer Registry, which has 

recorded data on cancer diagnoses in the Danish population since 1943; (4) the 

Danish National Registry of Patients and county-based hospital discharge registries, 

which record all procedures and diagnoses arising from inpatient admission to any 
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non-psychiatric hospital in the entire nation; and (5) the Danish Civil Registry, which 

tracks residential address and vital status and is updated daily. 

Using CPR numbers, we were able to link these registries at the level of the 

individual so that, for example, incident breast cancer cases identified in hospital 

discharge registries could be paired with population-based controls identified from 

the civil registry. Pharmaceutical exposure histories of these cases and controls 

were then characterized by CPR linkage to the prescription databases. 

These registries enable the retrospective conduct (from the investigator’s 

viewpoint) of epidemiologic studies with high-quality data collected prospectively on 

a very large number of individuals. It is certain that these dissertation studies would 

have been incredibly difficult, expensive, and time-consuming to conduct without 

access to the trove of resources offered by the Danish population-based registries. 
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CARDIAC GLYCOSIDE TREATMENT AND BREAST CANCER 

INCIDENCE 

BACKGROUND: 

Cardiac Glycosides 

Cardiac glycosides (CGs) are natural steroid toxins derived from several 

botanical sources.4 There are two classes of cardiac glycoside, cardenolides and 

bufadienolides.5 Compounds from both of these classes have been used widely 

since the 18th century to treat congestive heart failure (CHF) and atrial fibrillation 

(AF).6 All CGs share a similar structural motif: a 3- or 4-member glycone moiety 

linked to a steroid core with either a 5-member lactone ring (as in the cardenolides) 

or a 6-member pyrone ring (as in the bufadienolides).5 Specific compounds are 

distinguished by their glycone composition and various substitutions on the steroid 

core. The clinically most prevalent CGs are the Digitalis-derived cardenolides (e.g., 

digitoxin, digoxin, and oleandrin).  

The primary physiologic effect of CGs results from inhibition of the sodium-

potassium ATPase. The sodium-potassium ATPase is a transmembrane protein that 

maintains cellular ion homeostasis by ATP-dependent removal of sodium ions and 

importation of potassium ions in a 3:2 ratio. The ATPase consists of three distinct 

protein subunits. The alpha (α) subunit has four known variants and is the 

catalytically active member of the holoenzyme; it is the binding site for ATP, Na+, K+, 

CGs and a Mg2+ cofactor.7 The beta (β) subunit, with three known variants, primarily 

regulates the structure and function of the ATPase, but is also involved in the 

regulation of gap junction proteins in cellular adhesion processes.7 The gamma (γ, 
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or FXYD) subunit has seven known variants, and also regulates the holoenzyme.7 

Inhibition of the ATPase causes a rise in intracellular calcium ion (Ca2+) 

concentration via the sodium-calcium exchanger. The high intracellular Ca2+ 

concentration enriches the calcium stores in the sarcoplasmic reticula of cardiac 

myocytes, increasing contractile force and cardiac output.  

Despite their narrow therapeutic index, the popularity of CGs for treating CHF 

and AF has persisted worldwide, likely owing to their relative economy compared 

with newer alternative drugs. In addition to the well-established cardiotonic 

properties of these compounds, research spanning the past four decades has 

explored anti-neoplastic potential of CGs. 

Epidemiologic Studies of Cardiac Glycosides and Breast Cancer 

In 1979, Stenkvist et al. reported an unusual finding in a small cohort of 

breast cancer patients (n=142). Women in the cohort who were taking CGs (73% 

digoxin, 12% digitoxin, 15% other) at the time of their breast cancer diagnosis had 

tumors with less aggressive phenotypes than breast tumors from women not taking 

CGs.8 Later, they reported a dramatically higher rate of breast cancer recurrence 

among the women not taking CGs after five9 and approximately twenty-two10 years 

of follow-up. The investigators noted structural similarity between digitalis glycosides 

and estradiol, namely their steroid nature, and posited that competitive inhibition of 

the estrogen receptor (ER) by CGs might have influenced tumor phenotype. In 

recent years this ER-interference hypothesis has been largely supplanted by 

laboratory studies implicating CGs in the signaling pathways mediated by the Na+/K+ 

ATPase.7, 11 

Subsequent studies of the association between CG use and breast cancer 

incidence gave conflicting results. Haux et al. compared site-specific cancer 
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incidence rates among digitalis-treated Norwegian patients with expected rates in 

the general population.12 Several cancers, including female breast cancer, occurred 

at higher rates among those treated with digitalis compared with the general 

population.12 Also, Friedman reported no association between CG prescription 

history and breast cancer in a Kaiser-Permanente registry study.13 

Given the continued importance of CG medicines to treat heart disease and 

the inconsistent results from earlier studies of the association between this therapy 

and breast cancer occurrence, we examined the association between digoxin 

treatment and breast cancer incidence in a population-based prospective case-

control study of post-menopausal Danish women. 

 

METHODS: 

This study was approved by the Boston University Medical Campus 

Institutional Review Board and the Danish Registry Board. 

Study Population 

This study was nested within the female population of North Jutland and 

Aarhus Counties, Denmark.14 We used county hospital registries to ascertain all 

cases of incident invasive breast cancer diagnosed in women age 55 or older.  

Ascertainment began on 1 January 1991 in North Jutland County and 1 January 

1998 in Aarhus County, and continued until 31 December 2007.15 The hospital 

registries contain data on patients’ CPR number, date(s) of admission, date(s) of 

discharge, and up to twenty discharge diagnoses and medical procedures per 

discharge or outpatient visit. Diagnoses are assigned by the discharging physician, 
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and are coded according to the International Classification of Diseases, 8th revision 

(ICD-8, until 1995) and 10th revision (ICD-10, 1995 onward). 

Controls were identified in the Danish Civil Registration System, which has 

tracked residential addresses, vital status, and date of emigration for the entire 

Danish population since 1968.3 Controls were selected for each case by risk-set 

sampling, matching controls to cases on year of birth and county of residence. 

Within strata of the matching factors, we selected ten controls at random among 

those who were alive and without a history of breast cancer on the date of the 

matched case’s diagnosis. This date was the case’s and her matched controls’ 

index date. 

To ensure an adequate prescription data history for all subjects, we excluded 

cases and potential controls who had lived in the study counties less than two years 

between the start of the prescription registries and their index date. 

Data Collection 

We used each subject’s unique CPR number to link the case-control roster to 

county prescription databases,16, 17 which have recorded all prescriptions filled since 

1989 in North Jutland County and 1996 in Aarhus County. (These counties are now 

part of the North and Mid regions of Denmark, respectively.) The databases encode 

drugs by the Anatomical Therapeutic Chemical (ATC) classification system18 and 

record dates of all prescription fills along with the patient’s CPR number. These 

systems report prescription data to the databases, as well as to the Danish National 

Health Service, which refunds a portion of medication costs. Prescriptions are 

logged in the registries after patients present to a pharmacy and pay their share of 

the prescription cost.  
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We ascertained medical history for cases and controls by extracting major 

diagnoses preceding index dates from the hospital registries. We also used these 

registries to identify all pre-diagnosis mammography procedures for cases and 

controls since 2001, the year mammography data began to be systematically 

recorded, to evaluate the possibility of detection bias. 

Definitions of Analytic Variables 

We identified cases of incident breast cancer in the hospital registries using 

ICD-8 and ICD-10 codes appropriate to the date ranges of the databases. ICD 

codes were also used to ascertain comorbid conditions for cases and controls (see 

full listing of ICD codes in Table 5). 

We ascertained CG prescriptions by extracting all records from the 

prescription databases with ATC codes beginning with ‘C01A’. CGs are available 

only by prescription in Denmark, and are dispensed at pharmacies equipped with 

automated electronic reporting systems described earlier. This strategy captured all 

CG prescriptions in the counties over the study period, which were for digoxin 

exclusively. Digoxin prescriptions were only considered if they occurred at least one 

year before the index date. Digoxin exposure was considered in broad terms as 

ever exposed (≥ 1 digoxin prescription at least one year before the index date) or 

never exposed (no record of digoxin prescription at least one year before the index 

date), and in finer terms according to the length of time between a woman’s first 

digoxin prescription and her index date. 

 Candidate confounders were selected for adjustment by use of the directed 

acyclic graph (DAG) shown in Figure 1. A DAG encodes hypothesized relations 

between variables, which can aid in identifying confounders of a given exposure-

disease association. Confounders in a DAG are variables along a causal path with 
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arrows pointing into both the exposure and disease, or an ancestor of such a 

variable.19 
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Figure 1 depicts the hypothesized relationships among the variables that 

influence digoxin prescription and breast cancer incidence. Using the back-door test 

described by Greenland et al.,19 control for age, BMI, hormone replacement therapy 

(HRT) exposure, anticoagulant exposure, NSAID exposure, and aspirin exposure, 

were deemed minimally sufficient to address confounding, presuming the causal 

diagram faithfully depicts the causal relations among the variables.  

Age was initially controlled by matching controls to cases on year of birth. We 

also calculated each subject’s exact age on her index date to adjust for residual 

confounding by age. We additionally considered confounding by co-prescription of 

HRT, anticoagulants, NSAIDs, and aspirin. Anticoagulants are frequently prescribed 

for AF, and were associated with lower risk of urogenital cancers.20 NSAID use has 

been associated with increased risk of CHF,21 and these drugs have shown 

protective associations with breast cancer in some studies,22 although not in 

Denmark.23 Aspirin use, which may be more prevalent among digoxin users, has 

been associated with reduced breast cancer risk,24 though data are conflicting.22 We 

also evaluated HRT as a confounder because of its contribution to cumulative 

hormonal exposure and its association with breast cancer risk.25  

Prescriptions for hormone replacement therapy were identified by ATC codes 

(estrogens: codes starting with either ‘G03C’ or ‘L02AA’; progestin: codes beginning 

with ‘G03D’; combination therapy: codes beginning with either ‘G03F’ or ‘G03H’). 

Exposure to any of these drugs before the index date was classified as ‘ever 

exposed to HRT’ while exposure to none of them was classified as ‘never exposed 

to HRT’. Similarly, we characterized ever/never exposure to anticoagulants, NSAIDs 

and aspirin by searching for ATC codes beginning with ‘B01A,’ ‘M01A,’ and 
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‘B01AC06,’ respectively.  

We evaluated confounding by the medical indications for digoxin therapy by 

defining an alternative reference group of women who were never exposed to 

digoxin and who had a history of cardiovascular disease (excluding CHF or AF). 

These reference subjects should be more similar to the digoxin-treated women with 

regard to cumulative hormonal exposures and lifestyle factors that may modify risk 

for both heart disease and breast cancer. This reference group also facilitated 

evaluation of detection bias by allowing comparison of digoxin-exposed women with 

women with other medical histories who would likely have similar medical usage 

patterns.  

We further evaluated detection bias by comparing mammography usage 

rates between cases and controls. Dates of all mammography procedures among 

cases and controls were identified in hospital registries using appropriate Danish 

medical procedure codes. We analyzed mammography usage among women with 

index dates from 1 January 2006 onward, the period of our study when opportunistic 

screening mammography would have been most common in Denmark. There was 

no formal mammography screening in this region of Denmark until after the study 

period.26-28 For each subject who had undergone mammography before her index 

date, we identified her most recent procedure and calculated the time elapsed 

between that procedure and the index date.  

Statistical Analysis 

We characterized the names, doses, and prescribing frequencies of the 

various digoxin products used over the study period. We computed the frequency 

and proportion of cases and controls by digoxin exposure status, prevalent medical 
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conditions, use of other prescription drugs (HRT, anticoagulants, NSAIDs and 

aspirin), and age on index date.  

We calculated associations between ever/never digoxin treatment and breast 

cancer incidence within joint strata of age group and past use of HRT. The odds 

ratio and 95% confidence interval summarized across all strata was computed by 

the Mantel-Haenszel pooling method. 

We calculated the unadjusted odds ratios (OR) and 95% confidence intervals 

(CI) associating digoxin exposure categories with incident breast cancer and used 

conditional logistic regression to account for the matching factors and to adjust for 

any confounders that changed the estimated log odds by at least 10% (candidates 

confounders included exact age, and past use of HRT, anticoagulants, NSAIDs, and 

aspirin. Due to the risk-set sampling design, the odds ratio approximates the 

incidence rate ratio associating digoxin exposure with incident breast cancer.29 All 

analyses were performed with SAS version 9 (SAS Institute, Cary, NC). 

 

RESULTS: 

Characteristics of Cases and Controls 

We identified 5,565 cases and 55,650 matched population controls. Among 

the cases, 324 (5.8%) women had ever had a digoxin prescription at least one year 

before their diagnosis date. Among the controls, 2,546 (4.6%) women had ever had 

a digoxin prescription at least one year before their index date. The distributions of 

cases and controls according to age, mammography usage, comorbidity and 

relevant prescription drug usage are shown in Table 2. By virtue of the matching, 

cases and controls were identical with respect to age distribution. Cases were 
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somewhat more likely to have CHF, AF, chronic pulmonary disease, or diabetes, 

and were less likely to have a history of myocardial infarction, than controls. Cases 

also had more exposure to HRT, anticoagulants and NSAIDs than controls. As 

expected, mammography usage was substantially higher for cases than for controls 

in the year preceding the index date (81% vs. 1.6%, respectively; Table 2). 

However, usage was similar for cases and controls in time periods greater than one 

year from the index date.  

Digoxin Treatment and Incident Breast Cancer 

Table 1 shows all of the cardiac glycoside products recorded in the county 

prescription registries during the study period. We noted that digoxin was the sole 

CG used during this period. Approximately 97% of all digoxin prescriptions were for 

62.5 g tablets, indicating very little product heterogeneity among the digoxin-

exposed subjects. 

We observed a higher rate of breast cancer among ever-users of digoxin, 

relative to never users, in unadjusted, stratified, and regression analyses (adjusted 

OR: 1.30; 95% CI: 1.14, 1.48; Table 4). This association persisted in categories of 

drug exposure duration (for 1 to 3 years, adjusted OR: 1.25, 95% CI: 1.03, 1.52; for 

4 to 6 years, adjusted OR: 1.30, 95% CI: 1.05, 1.61; and for 7 to 18 years, OR: 1.39, 

95% CI: 1.10, 1.74), with a suggested positive trend in the ORs with increasing 

length of digoxin therapy. The association was strongest among women aged 85 or 

older who had a history of HRT exposure (OR: 2.4, 95% CI: 1.4, 4.4; Table 3). 

When we compared digoxin-exposed women with the alternative reference group of 

unexposed women with cardiovascular medical histories other than CHF or AF, we 
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continued to observe an association between digoxin exposure and incident breast 

cancer (adjusted OR: 1.42, 95% CI: 1.14, 1.77; Table 4).  

DISCUSSION: 

Strengths and Limitations 

The main strengths of this study are its large size, use of high-validity registry 

data to ascertain diagnoses, use of prospectively-recorded exposure information, 

and lack of selection in enumerating cases and controls.  

Our study design minimized the threat of selection bias, which can create the 

illusion of an exposure-disease association when, in fact, none exists.30 We had 

only one subject exclusion criterion, and controls were selected completely at 

random within strata of the matching factors. Since no subject was required to give 

consent to participate, no self-selection mechanism could have influenced our 

results.  

Our results are potentially subject to distortion by residual confounding and 

misclassification of exposure and outcome. We took measures to address 

confounding by age, past exposure to other prescription drugs, and the medical 

indications for digoxin prescription. We saw little change in the unadjusted 

association after accounting for these factors. Digoxin is ordinarily prescribed at an 

age when most women no longer bear children, so it is unlikely that digoxin 

exposure is strongly associated with the well-characterized reproductive factors that 

affect breast cancer risk.31 It is also unlikely that use of other prescription drugs 

could confound our results since antibiotics, antihypertensives, statins, and 

antidepressants do not appear to modify breast cancer risk.22 
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Use of the alternative reference group resulted in a modest increase in the 

estimated odds ratio, which implies that confounding by indication actually served to 

attenuate the original association. Furthermore, detection bias is not likely to 

account for this observed association, since women with other cardiovascular 

diseases would have medical system usage similar to women treated with CGs. In 

the whole study population, we saw no material difference in mammography usage 

rates between cases and controls in time periods greater than one year from index 

dates, which further argues against detection bias. 

We were not able to adjust directly for body mass index (BMI), which is 

positively associated with both cardiovascular disease (CVD) and breast cancer 

incidence.32 Because of these relationships, the effect of BMI as a confounder of the 

digoxin/breast cancer association would be to positively displace the observed odds 

ratio from the true odds ratio, which could account for our positive observation. 

However, subjects in our alternative reference group likely had a BMI distribution 

similar to digoxin-exposed subjects due to the association between BMI and CVD.33 

Evaluation of the association using this reference group moved our estimated odds 

ratio upward, which is not the displacement we would expect upon adjustment for 

BMI. This displacement could be the result of control for factors other than BMI that 

may have differed between the initial and alternative reference groups, or it could 

have arisen from random mechanisms owing to the smaller sample size imposed by 

the alternative reference group. 

Our characterization of digoxin exposure was informed only by the number 

and strength of prescriptions filled by study participants; the prescription registry 

data did not permit calculation of actual daily doses taken by exposed subjects. 

Because prescription records were generated automatically before breast cancer 
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diagnoses, and were logged in a registry separate from that containing the cancer 

diagnoses, we expect any exposure classification error to be non-differential and 

independent with respect to outcome. We are not aware of published validation data 

on the classification of incident breast cancer in the hospital discharge registries. 

However, breast cancer diagnoses were recorded without express knowledge of 

exposure, so outcome misclassification is also expected to be non-differential. Since 

non-differential and independent classification errors of dichotomous variables are 

expected to attenuate results, exposure and outcome misclassification cannot 

plausibly account for the positive association we observed.30 

Much of the investigation into the digoxin-breast cancer association appears 

to be motivated by the original epidemiologic results reported by Stenkvist et al.8-10, 

34 Aside from a truly protective effect of CGs on breast cancer, a plausible 

alternative explanation for Stenkvist’s observations is that detection bias gave rise to 

the more favorable tumor phenotypes seen among digoxin-treated women. The 

women in the cohort who were under cardiac glycoside treatment at the time of their 

breast cancer diagnosis must have been under regular medical care for CHF, AF, or 

both. The severity of these cardiac conditions would warrant relatively frequent 

medical office visits, and thus a higher probability of early breast cancer detection 

relative to healthier women with less medical contact. These baseline differences in 

breast cancer severity at diagnosis could also explain the favorable recurrence 

findings upon long-term follow-up. The possibility of distortion by medical 

surveillance bias was acknowledged and explored by Stenkvist et al., and the 

authors concluded that no such distortion existed.34 Similarly, our analysis of 

mammography usage among our cases and controls showed no evidence of 

differential surveillance. This surveillance information should be interpreted 
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conservatively because collection of mammography data is a recent practice in 

Denmark, and the data have not yet been well validated.  

The CG protective effects on cancer incidence reported by Goldin et al.35 are 

likely biased by the investigators’ subject selection criteria. In particular, they 

reported a lower proportion of digitalis users among all cancer deaths compared 

with the proportion of users among all non-cancer deaths in their hospitals. The 

comparison set of non-cancer deaths would logically contain a large proportion of 

cardiac deaths, so the prevalence of digitalis usage in this reference group would 

naturally be higher than among the cancer deaths. This flaw was first noted in a 

letter by Friedman shortly after the Goldin study was published.13 In the same letter, 

Friedman reported results from a Kaiser Permanente cohort study of the 

carcinogenic effects of prescription drugs, which showed no protective effect of 

digitalis compounds on breast cancer incidence. In fact, the standardized incidence 

ratio (SIR) for breast cancer among digitalis users, compared with non-users, was 

1.2—very similar to the results of our study. No confidence interval was given for 

this measure of association.  

Oddly enough, results from a supplemental case-control study by Stenkvist et 

al. agree with our present findings. The investigators compared the CG exposure 

history of the breast cancer cases from their original report8 with the exposure 

history of an equal number of age-matched controls from the general population.34 

The authors cross-tabulated yes/no CG exposure with case/control status, and 

concluded that cardiac glycosides had no influence on breast cancer incidence, 

owing to a non-significant chi-square test for independence (P=0.25). The data from 

the cross-tabulation correspond to an odds ratio of 1.39, with a 95% confidence 

interval from 0.79 to 2.45. Figure 2 displays the p-value functions calculated from 
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our data and from the data reported by Stenkvist.36, 37 Both studies arrived at 

approximately the same point estimate of the OR associating cardiac glycoside 

therapy with breast cancer incidence, but this study’s estimate was measured with 

greater precision (resulting in a narrower p-value function). The majority of the area 

of the Stenkvist p-value function lies in the domain of positive associations, to the 

right of the null, making it likely that increased precision in their study would have 

alerted them to a positive association by the chosen chi-square test. 

Other epidemiologic studies also appear consistent with our results. Haux 

and colleagues tabulated the number of incident cancers at several anatomic sites 

in a cohort of digitoxin-exposed Norwegian men and women. They then compared 

these counts with the expected number of cases based on age- and sex-

standardized rates in the Norwegian population. No protective effect was observed 

at any of the anatomic sites; users of digitoxin showed a slightly elevated breast 

cancer incidence (SIR: 1.25; 95% CI: 0.95, 1.62).12  A case-control study conducted 

by Ewertz et al found a positive association between digoxin usage and incident 

male breast cancer (OR for ≥5 years of digoxin use: 2.0; 95% CI: 0.9, 4.4)38 which 

comports with earlier associations drawn between digitalis glycoside therapy and 

gynecomastia in men treated for heart disease.39, 40 Together, these results argue 

against estrogen receptor antagonism by digoxin, and perhaps cardenolides in 

general. 

Current laboratory findings implicate the sodium-potassium ATPase in a 

variety of signal transduction pathways. Many in vitro studies point toward a 

downstream anti-proliferative effect of CGs bound to the ATPase, but others leave 

open the possibility of a carcinogenic endpoint. For instance, the sodium-potassium 

ATPase appears to be a key modulator of cellular adhesion, which is impaired when 
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CGs are bound to the receptor in vitro.11 Detachment from adjacent cells and the 

basement membrane and contact-independent growth are both hallmarks of the 

carcinogenic process.41 

There is evidence that both the interaction of cardiac glycosides with the 

sodium-potassium ATPase and the consequential effects are highly dependent on 

the specific cardiac glycoside compound and the subunit makeup of the receiving 

ATPase.7 Differences in the protein subunit composition of the ATPase are thought 

to regulate interspecies and inter-tissue variations in response to CG binding. 

Summary 

We observed a modestly increased rate of breast cancer among post-

menopausal women with any history of digoxin use, compared with women with no 

such use, after adjustment for age, use of other prescription drugs, and 

cardiovascular indications. The associations persisted in long-term exposure 

categories. While a number of laboratory studies of cardiac glycosides and female 

breast cancer have suggested protective effects, our results suggest that one 

specific cardiac glycoside, digoxin, moderately increases the incidence rate of 

breast cancer. This finding agrees with results from past studies; 12, 13, 34 the 

importance of which were likely masked by relatively large standard errors of the 

association measures, in combination with an emphasis on statistical significance 

testing in causal inference. 
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Figure 1: Directed Acyclic Graph (DAG) depicting hypothesized relationships 

between analytic variables for the measurement of the association between 

digoxin therapy and breast cancer incidence. 

 

 
 
 
 

 



21 

 

Table 1: All Cardiac Glycoside Products Prescribed to Study Subjects. 

 

Product  Dose Fill quantity 
No. of prescriptions 

(% of total) 

62.5 g/tablet  100 tablets 83,094 (66) 

62.5 g/tablet 200 tablets 38,188 (31) 

250 g/tablet 100 tablets 4,047 (3.2) 
Digoxin 

50 g/mL 30 mL 28 (0.02) 
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Table 2: Characteristics of the Cases and Controls. 

 

Variable 
Cases 

(n=5,565) 
Controls 

(n=55,650) 

Age on index date (years), n (%) 
 55 – 64 
 65 – 74 
 75 – 84 
 ≥ 85 

 
2,116
1,800
1,356

293

 
(38) 
(32) 
(24) 
(5.3) 

 
21,160 
18,000 
13,560 
2,930 

 
(38) 
(32) 
(24) 
(5.3) 

Medical history, n (%) 
 Congestive heart failure 
 Atrial fibrillation/ flutter 
  
 Pre-diagnosis mammography† 
  < 1 year 
  1 to < 2 years 
  2 to < 3 years 
  ≥ 3 years 
 
 Myocardial infarction  
 Chronic pulmonary disease 
 Peripheral vascular disease 
 Cerebrovascular disease 
 
 Lymphoma 
 Other solid tumor 
   
 Liver disease 
 Diabetes (Type I or II) 
 Diabetes with complication 
 Renal disease 

 
160
224

417
3
9

17

123
334
167
275

12
0

44
215
85
35

 
(2.9) 
(4.0) 
 
 
(81) 
(0.6) 
(1.7) 
(3.3) 
 
(2.2) 
(6.0) 
(3.0) 
(4.9) 
 
(0.2) 
 
 
(0.8) 
(3.9) 
(1.5) 
(0.6) 

 
1,337 
1,819 

 
 

84 
84 
84 

130 
 

1,492 
3,125 
1,563 
2,842 

 
155 

0 
 

403 
1,706 

591 
446 

 
(2.4) 
(3.3) 
 
 
(1.6) 
(1.6) 
(1.6) 
(2.5) 
 
(2.7) 
(5.6) 
(2.8) 
(5.1) 
 
(0.3) 
 
 
(0.7) 
(3.1) 
(1.1) 
(0.8) 

Other drug exposures, n (%) 
 Hormone replacement therapy 
 Anticoagulants 
 NSAIDs 
 Aspirin, low-dose (<150 mg) 
 Aspirin, high-dose (≥150 mg) 

2,062
231

3,106
205
505

 
(37) 
(4.2) 
(56) 
(3.7) 
(9.1) 

 
17,582 
2,109 

29,964 
2,004 
4,878 

 
(32) 
(3.8) 
(54) 
(3.6) 
(8.8) 

 

†Restricted to cases and controls with index dates after 1 January 2006, when screening 

mammography data would have been most complete in Denmark. Categories reflect time 

elapsed between most recent mammogram and index date; proportion denominators are 

the total number of cases (n=516) or controls (n=5,160) in the restricted data set.
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Table 3: Stratified analysis of the association between digoxin therapy and 

breast cancer incidence, by age category and use of hormone replacement 

therapy (HRT). 

 
 Age 55 to 64 Age 65 to 74 

 HRT No HRT HRT No HRT 

 Cases/ 
Controls 

Cases/ 
Controls 

Cases/ 
Controls 

Cases/ 
Controls 

Exposed 
15/ 
81 

13/ 
101 

27/ 
181 

58/ 
421 

Unexposed 
991/ 
8544 

1097/ 
12434 

649/ 
5328 

1066/ 
12070 

OR  
(95% CI): 

1.6  
(0.92, 2.8) 

1.5  
(0.82, 2.6) 

1.2  
(0.81, 1.8) 

1.6  
(1.2, 2.1) 

         

 Age 75 to 84 Age ≥ 85 

 HRT No HRT HRT No HRT 

 Cases/ 
Controls 

Cases/ 
Controls 

Cases/ 
Controls 

Cases/ 
Controls 

Exposed 
39/ 
253 

116/ 
1040 

19/ 
76 

37/ 
393 

Unexposed 
278/ 
2690 

923/ 
9577 

44/ 
429 

193/ 
2032 

OR  
(95% CI): 

1.5  
(1.0, 2.1) 

1.2  
(0.94, 1.4) 

2.4  
(1.4, 4.4) 

1.0  
(0.69, 1.4) 

     

ORMH  
(95% CI): 

1.31 (1.16, 1.48) 
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Table 4: Associations Between Digoxin Use and Incident Breast Cancer. 

 
Exposure 
categories 

Cases 
(n=5,565) 

Controls 
(n=55,650)

Unadjusted OR 
(95% CI) 

Adjusted* OR 
(95% CI) 

Ever/never 
prescribed   

 Ever 324 2546 1.29 (1.14, 1.45) 1.30 (1.14, 1.48) 

 Never 5241 53104 1.0 (Ref) 1.0 (Ref) 

Duration of 
digoxin 
therapy† 

  

 7-18 y 93 694 1.35 (1.10, 1.69) 1.39 (1.10, 1.74) 

 4-6 y 103 811 1.29 (1.05, 1.58) 1.30 (1.05, 1.61) 

 1-3 y 128 1041 1.25 (1.03, 1.50) 1.25 (1.03, 1.52) 
 Never 
 user 

5241 53104 1.0 (Ref) 1.0 (Ref) 

Ever/never 
prescribed 
(alternate 
reference 
group) 

(n=732) (n=7,086)  

 Ever 324 2546 1.42 (1.21, 1.65) 1.42 (1.14, 1.77) 

 Never ‡ 408 4540 1.0 (Ref) 1.0 (Ref) 
 

*Adjusted for age (continuous), county of residence (categorical), and past 

receipt of hormone replacement therapy (dichotomous). 
†Years elapsed between first digoxin prescription and index date. 
 ‡The alternate reference group is additionally defined by a medical history 

positive for either myocardial infarction, peripheral vascular disease, 

cerebrovascular disease, or any combination thereof. Women with these 

histories should exhibit a hormonal profile similar to women with digoxin-

indicating medical conditions. 
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Figure 2: P-value functions comparing association data reported by Stenkvist 

with the data reported in the present study (Ahern). The gray horizontal 

reference line intersects each p-value function at the lower and upper 95% 

frequentist confidence limits. 
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Table 5: ICD-8 and ICD-10 Codes Used to Ascertain Key Diagnoses. 

Diagnosis ICD-8 ICD-10 
Invasive breast cancer 174.00-174.02; 174.08; 

174.09; 
C50.0-C50.6; C50.8;  
C50.9 

Congestive heart failure 427.09; 427.10; 427.11; 
427.19; 428.99; 782.49 
 

I50; I11.0; I13.0; I13.2 

Atrial fibrillation/ flutter† 
 

427.93; 427.94 I48 

Myocardial infarction 
 

410 I21; I22; I23 

Peripheral vascular 
disease 
 

440; 441; 442; 443; 444; 
445 

I70; I71; I72; I73; I74; I77 

Cerebrovascular disease 
 

430-438 I60-I69; G45; G46 

Chronic pulmonary 
disease 

490-493; 515-518 J40-J47; J60-J67; J68.4; 
J70.1;J70.3; J84.1; J92.0; 
J96.1; J98.2; J98.3 
 

Mild liver disease 571; 573.01; 573.04 B18; K70.0-K70.3; K70.9; 
K71; K73; K74; K76.0 
 

Moderate to severe liver 
disease 

070.00; 070.02; 070.04; 
070.06; 070.08; 573.00; 
456.00-456.09 
 

B15.0; B16.0; B16.2; 
B19.0; K70.4; K72; K76.6; 
I85 

Diabetes type1 
               
 
Diabetes type2  

249.00; 249.06; 249.07; 
249.09  
 
250.00; 250.06; 250.07; 
250.09 
 

E10.0, E10.1; E10.9 
 
 
E11.0; E11.1; E11.9 

Moderate to severe renal 
disease 

403; 404; 580-583; 584; 
590.09; 593.19; 753.10-
753.19; 792 
 

I12; I13; N00-N05; N07; 
N11; N14; N17-N19; Q61 

Diabetes with end organ 
damage  (types 1 and 2) 

249.01-249.05; 249.08; 
250.01-250.05; 250.08 

E10.2-E10.8; E11.2-E11.8 

Solid tumor 
 

140-194 C00-C75 

Lymphoma 
 

200-203; 275.59 C81-C85; C88; C90; C96 

 

†ICD-8 contained separate codes for atrial fibrillation (427.93) and flutter (427.94). 

These two diagnoses were combined into a single code in ICD-10 (I48). 
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VITAMIN K ANTAGONIST THERAPY AND THE INCIDENCE OF 

SITE-SPECIFIC CANCERS 

BACKGROUND: 

Vitamin K Antagonists: Background, Pharmacology, and Indications 

 Vitamin K antagonists (VKAs)—which include warfarin, phenprocoumon, and 

dicoumarol—are a class of oral anticoagulant drugs that have been used 

therapeutically in the United States since the 1950s.42 Dicoumarol 

(bishydroxycoumarin) is a natural compound, discovered when hemorrhagic 

complications occurred in a herd of cattle that had fed on mold-contaminated sweet 

clover silage.43 Warfarin, a synthetic congener of dicoumarol with higher potency, 

was first produced in the late 1940s and marketed as a rodenticide. Later, after 

validation of its safety profile in humans, warfarin became a standard treatment for 

the prevention of thromboembolism.42  

All VKAs exert the same pharmacologic effect: the inhibition of vitamin K 

epoxide reductase. Vitamin K is a necessary cofactor for the activation of clotting 

factors II, IX, X, and proteins S and C—all critical to the coagulation pathway—via 

carboxylation of gamma glutamic acid residues. During the gamma carboxylation 

reaction, the vitamin K cofactor is oxidized to an inactive epoxide, which must be 

recycled to an active hydroquinone form via vitamin K epoxide reductase. Inhibition 

of vitamin K epoxide reductase activity therefore causes the one-way conversion of 

active vitamin K cofactor to an inactive form, which eventually halts the coagulation 

cascade.42 

Oral anticoagulation therapy with a vitamin K antagonist is indicated for 

preventing recurrence of acute venous thrombosis and acute pulmonary 
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embolism.42 VKA therapy is also used for the primary prevention of 

thromboembolism in patients undergoing surgery, and patients with acute 

myocardial infarction, chronic atrial fibrillation, or replacement heart valves.42, 44  

The combination of efficacy and economy has made VKAs an enduring 

mainstay of oral anticoagulation therapy worldwide. 

Vitamin K Antagonists and Cancer Risk 

 Epidemiologic evidence for an association between VKA therapy and cancer 

outcomes first appeared in the early 1980s with a pair of reports by Zacharski and 

colleagues of increased overall and recurrence-free survival time among patients 

with small cell lung carcinoma who were randomized to receive standard therapy 

plus warfarin, compared with patients who received standard therapy alone.45, 46 No 

survival advantage among those randomized to warfarin was apparent for patients 

with non-small cell lung cancer, nor with cancers of the colon, head and neck, or 

prostate.46 A 2001 systematic review of randomized studies of VKAs and overall 

cancer survival noted only a suggested protective association among patients with 

small cell lung carcinoma (1-year mortality OR: 0.72, 95% CI: 0.44, 1.16) but not 

among patients with other cancers.47 Only one study so far has examined VKA 

therapy and breast cancer survival, and warfarin treatment had no detectable 

association with overall survival among patients diagnosed with metastatic breast 

cancer (mortality risk ratio: 0.90, p=0.55, derived 95% CI: 0.64, 1.3).48 

Many years after publication of the Zacharski studies, Schulman and 

Lindmarker compared site-specific cancer incidence among clinical trial participants 

with a first incident venous thromboembolism (VTE) who were randomized to either 

short-duration (6 weeks) or long-duration (6 months) oral anticoagulation with 

warfarin.20 The 854 participants with no history of malignancy at randomization were 
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followed from the time of their VTE diagnosis until the first incident cancer. The 

median follow-up time for the cohort was 8.1 years from the time of the VTE event. 

The short-duration warfarin group (n=419) experienced 66 cancer diagnoses; the 

long-duration warfarin group (n=435) experienced 45 cancer diagnoses. Comparing 

the two groups, the investigators observed an increased risk of urogenital cancer in 

the short-duration warfarin arm, compared with the long-duration arm (for a 

combined outcome of kidney, urinary bladder, prostate, ovary or uterine cancer: OR 

= 2.5; 95% CI = 1.3, 5.0). The authors asserted that their results strongly supported 

the notion that VKA drugs had anti-neoplastic activity, but their study received 

criticism for a number of unaddressed limitations including questionable sensitivity 

of outcome classification, lack of data on potentially confounding co-medications 

such as NSAIDs, selection bias arising from differential losses to follow-up, possible 

differential cancer surveillance in the two warfarin groups, and lack of a plausible 

biological mechanism for VKAs to specifically modify risk for the studied urogenital 

cancers.49-53 No study has yet replicated the original findings of Schulman and 

Lindmarker. Most subsequent studies suffer severe limitations in precision owing to 

small numbers of incident site-specific cancers over relatively short follow-up times 

in randomized studies. Taliani showed a null association between 12 vs. 3 months 

of VKA therapy and the incidence of any cancer (19 exposed cancer events; 

RR=0.71; 95% CI: 0.36, 1.41).54 Breast cancer incidence data from the Taliani study 

permit calculation of an imprecise cumulative incidence ratio comparing 12 month 

VKA therapy with 3 month VKA therapy that indicates the possibility of a positive 

association (RR=4.8; 95% CI: 0.6, 41).54 Regarding urogenital cancers, Blumentals 

reported a null association between warfarin therapy and the incidence of bladder 

cancer in a Veterans’ Administration case-control study (OR=1.27; 95% CI: 0.85, 
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1.89), while Tagalakis reported a reduced rate of prostate cancer among warfarin 

users compared with non-users in a Canadian population-based case-control study 

(OR=0.80; 95% CI: 0.65, 0.99).55, 56 Tagalakis and colleagues observed null 

associations between VKA therapy and the incidence of bladder, kidney, uterine, 

and ovarian cancers.56 A recent overview of this topic concluded that the evidence 

for an association between VKA therapy and cancer incidence is inconclusive, and 

that new randomized trials are necessary to confirm the observed utility of VKA 

drugs as adjuvant therapy for certain cancer subtypes.57 

Rationale for the Current Design 

 To address important limitations in the earlier literature on this topic—most 

notably the limited number of VKA-exposed site-specific cancer diagnoses accrued 

by most studies and the narrow focus on urogenital cancers—we conducted a 

Danish population-based cohort study with a long follow-up period. 

 The Danish National Registry of Patients (NRP) has electronically recorded 

all inpatient diagnoses made at non-psychiatric Danish hospitals since 1977. The 

Danish Cancer Registry (DCR) is a consolidated, automated registry of cancer 

diagnoses made since 1943, with mandatory reporting beginning in 1987. 

Prescription drug data are available from the Danish Register of Medicinal Product 

Statistics (RMPS), but are only available nationwide from 1995 onward. Therefore, if 

we were to limit our study to the time period for which actual prescription data were 

available, our follow-up time—and therefore our cancer event frequencies—would 

not likely represent an improvement over earlier studies. To enable a longer follow-

up period, we capitalized on the longer period of coverage of the NRP, from which 

we ascertained heart valve replacement procedures as a proxy for exposure to a 

vitamin K antagonist. As we argue below, heart valve replacement appears to 
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satisfy the requirements of an instrumental variable for the associations between 

VKA therapy and the incidence of site-specific cancers. Consequently, use of this 

variable not only lengthens the available study period, but also permits the 

estimation of unconfounded associations between VKA therapy and the cancer 

outcomes, presuming that the instrumental variable assumptions are valid. 

METHODS: 

Study Population and Data Collection 

 This study was nested within the entire population of Denmark during the 

period January 1, 1989 to December 31, 2005. We used the Danish National 

Registry of Patients to identify all instances of heart valve replacement that occurred 

during the study period. Heart valve replacement patients are expected to receive 

VKA therapy immediately after surgery.58 To allow a reasonable time to pass for the 

VKA to be a plausible etiologic agent in the development (or prevention) of cancer, 

we began follow-up one year after the index (surgical) date. Replacements were 

either for the mitral, aortic, tricuspid, or pulmonic valve, and could be either 

biological (i.e., porcine) or artificial. We defined each subject’s index date as the 

date of their heart valve replacement procedure, and excluded all subjects with a 

diagnosis of any cancer either before—or within the year after—the index date. The 

resulting roster comprised our cohort of exposed subjects.  

We sampled up to 10 unexposed subjects for each exposed subject from the 

general population, without replacement, matching on year of birth and sex. 

Matched unexposed subjects were required to have no history of heart valve 

replacement or cancer diagnosis on their matched exposed subject’s index date, or 

within the year after that date.  
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 We searched the Danish Cancer Registry for diagnoses of the 49 site-

specific cancers listed in Table 7 among our cohort members. Follow-up of each 

subject began one year after their index date and continued until the first of the 

following events occurred: first incident cancer, death, emigration (loss to follow-up), 

or the end of the study period. We ensured that no subject appeared in the cohort 

more than once; as a result, a matched unexposed person enrolled in the cohort 

could not go on to receive a heart valve replacement. We searched the NRP to 

enumerate prevalent comorbidities on the index date according to the Charlson 

Comorbidity Index, as well as to ascertain past history of two other major indications 

for VKA therapy: venous thromboembolism (VTE) and atrial fibrillation (AF). 

 To evaluate the performance of heart valve replacement status as a 

dichotomous proxy variable for exposure to a vitamin K antagonist drug, we 

conducted a nested validation study in the subset of cohort members whose areas 

of residence and index dates fell within the geographic and temporal coverage of 

four Danish county-specific automated prescription registries (Aarhus County, data 

since 1996; North Jutland County, data since 1989; Viborg and Ringkøbing 

Counties, data since 1998). (These are now in the North, Mid, and South regions of 

Denmark, respectively.) Vitamin K antagonist drugs are available only by 

prescription in Denmark. Patients must present their prescription to a pharmacy and 

pay the entire cost of the medication. Once paid, the medication is dispensed and 

the transaction is automatically logged into the county registry and the Danish 

government reimburses the patient for a portion of the drug cost. All county 

prescription registries encode dispensed drugs according to the Anatomic 

Therapeutic Chemical (ATC) classification system,18 and additionally record 

dispense dates, fill quantities, and the receiving patient’s CPR number. Using these 
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registries, we determined whether or not each member of the validation subset 

received a prescription for one of the vitamin K antagonists available in Denmark. 

Definitions of Analytic Variables 

We identified heart valve replacement surgeries in the NRP using the 

procedure codes listed in Table 6. For heart valve recipients, the index date was 

defined as the date of their surgical procedure. The same index date for a given 

heart valve recipient was assigned to all of his or her matched unexposed subjects.  

We defined each subject’s age as that on their index date by calculating the 

number of years elapsed between their birth date and the index date. For stratified 

analyses, age was categorized as follows: less than 18 years, 18 to 24 years, 25 to 

34 years, 35 to 44 years, 45 to 54 years, 55 to 64 years, 65 to 74 years, 75 to 84 

years, and greater than or equal to 85 years. 

 We ascertained cancer incidence by linking our cohort roster to the Danish 

Cancer Registry using each subject’s CPR number. By design, all exposed and 

unexposed subjects were without a prior cancer diagnosis one year after their index 

date. We identified the first diagnosis of any of the cancers listed in Table 7 using 

ICD-10 codes. The cancer registry has translated earlier entries under past ICD 

conventions into ICD version 10 to create uniform ascertainment criteria. We 

considered as separate outcomes all cancers with a total of 5 or more identified 

cases. 

 For subjects without a cancer diagnosis, we determined the end of follow-up 

by CPR linkage with the Danish Civil Registry, which updates address and vital 

status for all Danish residents on a daily basis. Each subject contributed person-

time at risk for a first cancer diagnosis from one year after their index date until the 
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first occurrence of (a) a cancer diagnosis, (b) emigration from Denmark, (c) death 

from any cause, or (d) December 31, 2006, the end of available follow-up. 

 For descriptive purposes, we calculated the Charlson Comorbidity Index 

(CCI) for all subjects based on appropriate diagnoses prevalent on the index date. 

The CCI summarizes the extent of one’s medical history for major diagnoses into a 

convenient ordinal score for use in stratified analyses and regression models. 

Beyond the Charlson comorbid conditions, we also assessed history of atrial 

fibrillation, pulmonary embolism, portal vein thrombosis, and unspecified venous 

thrombosis. All such diagnoses were ascertained by CPR linkage to the NRP; Table 

8 lists the ICD-8 and ICD-10 codes for these diagnoses. We calculated the weighted 

Charlson comorbidity score and summarized the ordinal index according to the 

published method.59 We defined a positive history of venous thromboembolism 

(VTE) as having been diagnosed with either pulmonary embolism, portal vein 

thrombosis, unspecified venous thrombosis, or any combination thereof, before the 

index date. 

 For the cohort members in the validation subset, we searched appropriate 

county prescription registries for all records of vitamin K antagonist (VKA) 

prescription after their index dates. We ascertained VKA prescriptions by searching 

for ATC data fields containing the character string “B01AA,” which identified all 

specific drugs in the VKA class of anticoagulants. We recorded the specific VKAs 

and the total number of prescriptions of each recorded for members of the validation 

subset. Since heart valve replacement patients are almost always placed on life-

long VKA therapy after surgery,60 determination of ‘ever exposure’ to a VKA after 

the index date is expected to indicate enduring use of the drug. 
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Statistical Analysis 

 Within heart valve replacement exposure groups, we calculated the 

frequency of subjects and the sum and proportion of person-time according to 

incidence of site-specific cancers, age category, sex, Charlson Comorbidity Index, 

history of VTE, and history of AF. 

Associations Estimated in the Validation Subset 

Within the validation subset, for site-specific cancers with at least 5 identified 

cases, we calculated incidence rate ratios (IRR) and 95% confidence intervals 

comparing the VKA-exposed group with the VKA-unexposed group. The point 

estimates and 95% confidence intervals for these IRRs were plotted according to 

rank to provide a visual depiction of the overall association pattern. Since idiopathic 

VTE motivates intensive screening for asymptomatic cancer,61, 62 we also re-

calculated the cancer associations in the validation subset further restricted to 

subjects with no history of VTE on their index date. 

Estimation of Validation Parameters for Heart Valve Replacement as a 

Proxy Variable for VKA Therapy 

We stratified the validation subset by disease status (any cancer versus no 

cancer diagnosed during follow-up) and cross-tabulated heart valve replacement 

status with VKA exposure status. Because of the 10:1 matched design, only 

predictive values—not sensitivity and specificity—could be calculated from our 

validation data.63 Positive predictive values (PPV) quantified the performance of a 

positive heart valve replacement history as a proxy for receiving VKA therapy during 

follow-up, and were calculated as the number of subjects positive for both valve 

replacement and VKA therapy, divided by the total number of heart valve recipients. 
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Negative predictive values (NPV) quantified the performance of a negative heart 

valve replacement history as a proxy for never receiving VKA therapy during follow-

up, and were calculated as the number of subjects negative for both heart valve 

replacement and VKA therapy, divided by the total number of subjects with no heart 

valve replacement. 

 We examined stability of the PPV and NPV point estimates over time by 

stratifying the validation data by subjects’ index year and calculating PPV and NPV 

within each interval.  

Probabilistic Bias Analysis  

Estimation of the PPV and NPV enabled us to adjust for misclassification of 

exposure in the non-validated subset of the cohort, yielding VKA/cancer 

associations rooted in a larger body of data. We employed probabilistic bias 

analysis methods described by Lash, Fox, and Fink to carry out these corrections.64 

 To begin, we allowed for uncertainty in the PPV and NPV estimates 

themselves by empirically characterizing separate beta distributions for these 

parameters according to cancer diagnosis status (any cancer diagnosed vs. no 

cancer diagnosed). A beta distribution is defined by two positive shape parameters, 

alpha (α) and beta (β), and is restricted to the range (0,1).64 This range restriction 

makes the beta distribution particularly suitable for describing proportions, as in the 

case of PPV and NPV. The α and β parameters can be defined in a variety of ways 

to yield distributions that are either nearly uniform, bimodal, symmetric, or skewed, 

depending on the desired distribution of the modeled proportion.64 Using validation 

data according to cancer diagnosis status (any vs. no cancer diagnosed over follow-

up, denoted by the subscripts 1 and 0, respectively), beta distributions for PPV1 and 

PPV0 were defined by setting alpha parameters equal to the number of heart valve 
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recipients who also received VKA therapy plus one, and beta parameters equal to 

the number of heart valve recipients who did not receive VKA therapy plus one.64 

Similarly, beta distributions for NPV1 and NPV0 were defined by setting alpha 

parameters equal to the number of subjects with no valve replacement who did not 

receive VKA therapy plus one, and beta parameters equal to the number of subjects 

with no valve replacement who did receive VKA therapy plus one.64 Plots of the 

resulting beta distributions appear in Figure 3. The VKA exposure data in the 

prescription validation subset of the cohort were considered to be correctly 

classified, and tables for the site-specific cancer associations were arranged 

according to the example in Table 9. Let aval represent the number of site-specific 

cancer cases among those with a documented VKA prescription, and bval represent 

the number of cases among those with no documented VKA prescription. Let PT1val 

and PT0val represent the total person-time at risk contributed by those exposed to 

VKA and those unexposed to VKA, respectively. The subscript ‘val’ denotes that 

these observed cell frequencies arise from the validation subset with correctly 

classified VKA exposure status. 

Site-specific cancer association data in the non-validation subset were 

arranged according to the example in Table 10. Let amis represent the number of 

site-specific cancer cases among cohort members who received a heart valve 

replacement and let bmis represent the number of cases among non-recipients. 

Similarly, let PT1mis represent the total person-years at risk for a first incident cancer 

accumulated by heart valve recipients and let PT0mis represent the total person-

years at risk accumulated by non-recipients. The subscript ‘mis’ denotes that these 

observed cell frequencies arise from the non-validation subset and are subject to 

misclassification of VKA exposure by the heart valve replacement proxy variable. 
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We performed 100,000 iterations of table-level misclassification adjustment65 

according to the algorithm depicted in Figure 4. Each iteration began by drawing a 

random value from the standard uniform probability distribution and a second 

random value from the standard uniform that was correlated with the first (r=0.8); this 

was done separately by cancer status strata. These were in turn used to draw values 

of PPV and NPV from the stratum-appropriate beta distributions. Within the non-

validated subset, we adjusted the cell frequencies in each of the site-specific cancer 

2x2 tables using the selected PPV and NPV values according to the equations in  

 

Table 11. The observed cell frequencies from the validated subset were then 

added to the re-classified cell frequencies to yield a combined table for each site-

specific cancer association.  

For each site-specific cancer, the incidence rate ratio (IRR) comparing those 

classified as VKA-exposed to those classified as VKA-unexposed was calculated, 

along with the conventional standard error. To re-incorporate random error into the 

adjusted estimates, we subtracted the product of the conventional standard error 

and a random standard normal deviate from the natural logarithm of the IRR. 

Exponentiating this difference yielded an IRR estimate adjusted for exposure 

misclassification, incorporating uncertainty due to random error as well as the 

variation in validation parameters. IRR values from each iteration were stored, and 

the bias analysis routine was re-iterated until 100,000 estimates were accumulated. 

Thus, for each site-specific cancer outcome, we generated a distribution of 100,000 

misclassification-corrected estimates.  

We reported the median of each distribution as the point estimate for each 

association. For each group of corrected IRRs (one for each site-specific cancer), 
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we calculated univariate statistics to characterize the 2.5th and 97.5th percentiles of 

the distribution of estimates. These percentile values were reported as the 95% 

simulation interval, a measure of uncertainty in the misclassification adjustment as 

well as sampling error. 

Empirical Bayes Analysis of the Associations Estimated from the 

Validation Subset and from the Probabilistic Bias Analysis 

 Because we are estimating associations between VKA therapy and the 

incidence of 24 separate cancers, the potential generation of false-positive 

associations (that is, either spuriously ‘causal’ or spuriously ‘protective’) by random 

mechanisms is a limitation of our study. To address this possibility, and to remove 

emphasis from any high magnitude associations that are measured with 

considerable imprecision, we subjected the vectors of VKA/cancer associations from 

both the validation subset and the probabilistic bias analysis to empirical Bayes 

shrinkage.66, 67  

The empirical Bayes (EB) method is applied to groups of associations from a 

common population—here, the individual associations are all first incident cancers 

among the cohort subjects—and ‘shrinks’ each association toward the overall mean, 

in proportion to the ratio of its variance to the true population variance.68 

Associations with large variances relative to the true population variance are 

displaced further toward the overall mean than associations with smaller relative 

variances. The prime objective of empirical Bayes shrinkage is to de-emphasize 

estimates that have impressive magnitudes but were measured with poor precision, 

such that time and resources are less likely to be spent in pursuit of false-positive 

associations. 



40 

We performed the EB analysis according to the method published by 

Steenland et al.,68 adapting their calculations to the SAS/IML programming 

environment (SAS version 9.1). We incorporated no prior information about the 

associations and assumed that the cancer outcomes were independent of one 

another. 

Instrumental Variable Analysis 

 In our age- and sex-matched cohort, receipt of a heart valve replacement 

appears to satisfy the necessary criteria to serve as an instrumental variable (IV) for 

the association between VKA therapy and the incidence of site-specific cancers.69, 70 

Figure 6 is a directed acyclic graph (DAG) depicting hypothesized relationships 

between heart valve replacement (Z; the instrumental variable), VKA prescription (X; 

the target exposure), and cancer incidence (Y; the outcome). In order for valve 

replacement to be a valid IV for the VKA/cancer associations, it must have no direct 

causal effect on the incidence of the site-specific cancers we studied (i.e., no 

plausible arrow ‘b’ in Figure 6), its effect on cancer incidence must be mediated by 

VKA exposure (presence of arrow ‘a’ in Figure 6), and there must be no open 

backdoor path19 between valve replacement and cancer incidence (that is, no 

common cause of valve replacement and cancer incidence (absence of, or 

adequate conditioning on, node ‘U2’ in Figure 6)). If these assumptions hold, then 

bias due to residual confounding of the VKA/cancer associations (node ‘U1’ in 

Figure 6) is negated, albeit at the expense of non-differential exposure 

misclassification by the instrument.69, 70  

We believe the IV assumptions hold because (1) there is no literature 

supporting a causal relationship between surgical installation of a heart valve and 

the incidence of any cancer, nor is there a biological pathway that implies such an 
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association (i.e., no arrow ‘b’), (2) heart valve replacement essentially mandates 

lifelong VKA therapy,60 while the prevalence of VKA treatment is relatively low in the 

general population (i.e., there exists a strong causal association depicted by arrow 

‘a’), and (3) after matching valve recipients to non-recipients on age and sex, we 

expect no important uncontrolled common causes of valve replacement and cancer 

incidence (i.e., no other variables that satisfy the ‘U2’ node for any of the site-

specific cancers examined). 

Instrumental variable analyses are most commonly performed with two-stage 

linear regression. In the first stage, the association between the instrument and the 

outcome (Z-Y) is estimated, which—conditional on the validity of the instrument—

yields an estimate of the exposure-outcome relationship that is unconfounded but 

inherently misclassified.71, 72 The strength of the association between the instrument 

and the target exposure (Z-X) informs the severity of this misclassification.70 In the 

second stage of a traditional IV analysis, the instrument-outcome association (Z-Y) 

is scaled by the instrument-exposure association (Z-X), yielding an unconfounded 

estimate of the exposure-outcome risk difference (X-Y) that has been adjusted for 

misclassification of the target exposure by the instrument.71 This approach requires 

that each subject in a study has data for both the instrument and the target 

exposure. In our study, all subjects have data on the instrument (heart valve 

replacement), but only ~25% of those subjects have data on the target exposure 

(VKA prescription). Under a traditional two-stage IV analysis framework, we could 

use our data to estimate theoretically unconfounded instrument-outcome 

associations but, because not all subjects have recorded VKA prescription status, 

we would not be able to carry out the second stage regression to correct the 

inherent exposure misclassification. Our solution to this limitation was to multiply 



42 

impute the VKA prescription status of the ~75% of subjects with missing data.73 We 

used a logistic regression method74 to impute binary VKA prescription status in 

subjects with missing VKA data, using the heart valve replacement instrument as 

the predictor. The regression procedure imputes the missing VKA exposure based 

on coefficients drawn from a posterior distribution characterized by the regression of 

observed VKA exposure on the heart valve replacement instrument within the 

validation subset.73, 74 We performed a total of five imputations73 using the MI 

procedure in SAS version 9.1.  

Using the imputed data sets, we estimated IRRs associating VKA therapy 

with site-specific cancer incidence by using separate Poisson regression models for 

each of the 24 site-specific cancers in each of the five imputed data sets. VKA 

status was the sole independent variable in each of these models, and the logarithm 

of person-years at risk served as the offset variable. We used generalized 

estimating equations (GEE) to calculate variances empirically. We clustered by 

subject and specified an exchangeable covariance matrix. The GEE parameter 

estimates and standard errors for each cancer site were used to calculate summary 

IRRs and 95% confidence intervals reflective of the uncertainty in imputed exposure 

values (PROC MIANALYZE, SAS version 9.1).75 

To evaluate whether the pattern of IV-estimated associations was consistent 

with a null-centered distribution of associations, the estimates were ranked by 

magnitude and plotted against the inverse-normal of rank percentile (INRP). This 

plot was overlaid with predicted log IRR values calculated from the inverse-variance 

weighted linear regression of the observed log IRR estimates on their INRP 

values.76 Associations drawn from a null-centered Gaussian distribution are 
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expected to lie along the predicted log IRR line, which would intersect the plot 

coordinate where INRP and the log IRR both equal 0.76 

RESULTS: 

Baseline Characteristics of the Cohort 

 We identified 9,727 subjects who underwent a heart valve replacement 

procedure during the study period. To these subjects we matched 95,481 subjects 

from the general population with no history of heart valve replacement (average 

matching ratio = 9.8 unexposed : 1 exposed). Heart valve recipients contributed a 

total of 52,510 person-years of follow-up, and matched non-recipients contributed a 

total of 556,021 person-years of follow-up.  

A comparison of baseline characteristics between heart valve recipients and 

non-recipients appears in Table 13. Approximately equal proportions of person-time 

were contributed across exposure groups with respect to sex and age on the index 

date, indicating successful matching on these variables. Heart valve recipients had 

a higher comorbidity burden than the matched unexposed (43% vs. 15% of person-

time contributed by subjects with CCI ≥ 1). As expected, heart valve recipients were 

about nine times more likely to have a history of atrial fibrillation/flutter than non-

recipients (8.6% vs. 1.0% of person-time positive, respectively), and were 

approximately three times more likely to have a history of venous thromboembolism 

(1.0% vs. 0.3% of person-time positive, respectively). The imbalance in positive 

history of VTE between exposure groups motivated re-calculation of cancer 

incidence rate ratios in the subset of cohort members with no history of VTE, since 

primary VTE (i.e., VTE not linked to pregnancy, traumatic injury, or surgery) 

increases suspicion of (and screening for) previously undetected cancer.77 The 
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higher baseline prevalence of VTE among the exposed subjects could lead to 

artificially higher cancer incidence rates in this group, yielding an upward bias in IRR 

values. Analyses restricted to the subset with no VTE history did not differ from 

analyses on the entire cohort (Table 16, compared with Table 15), so results 

presented henceforth are based on the entire cohort. 

Validation of Vitamin K Antagonist Exposure Classification by the Heart 

Valve Replacement Proxy Variable 

 Of the entire cohort, 24,647 (23%) subjects had index dates within the joint 

temporal and geographic coverage of available prescription drug registries. After 

stratifying this subset on cancer diagnosis status, there were 2,087 subjects 

diagnosed with any cancer over follow-up and 22,560 subjects with no cancer 

diagnosed over follow-up. Table 14 shows the cross-tabulation of heart valve 

replacement status with VKA prescription status in these two strata. Among subjects 

with any cancer diagnosed over follow-up, classification of VKA prescription by the 

heart valve replacement proxy resulted in a positive predictive value (PPV) of 0.956 

and a negative predictive value (NPV) of 0.880. Among subjects with no cancer 

diagnosed over follow-up, classification of VKA prescription by the heart valve 

replacement proxy resulted in a PPV of 0.972 and a NPV of 0.916. These statistics 

imply that more than 96% of heart valve recipients were placed on VKA therapy 

after their surgery, and that approximately 90% of subjects without a heart valve 

replacement were not placed on VKA therapy after the index date. Figure 3 shows 

the empirically characterized beta probability distributions for PPV and NPV in the 

cancer-positive and cancer-negative strata. 

Figure 7 and Figure 8 display the trend in PPV and NPV values across years 

of the validation period. These plots indicate moderate variability of the PPV and 
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NPV estimates with respect to estimates over the entire period (shown in each plot 

as a dashed gray line), with no consistent increase or decrease over the validation 

period. Thus the beta distributions, parameterized with respect to the validation 

data, should adequately reflect uncertainty in PPV and NPV values over the entire 

temporal domain of the study, including the earlier time period without prescription 

data to inform the PPV and NPV estimates. 

Associations between Vitamin K Antagonist Therapy and Site-Specific 

Cancer Incidence in the Validation Subset 

 Known drug exposure status among subjects in the validation subset 

permitted direct calculation of associations between VKA therapy and site-specific 

cancer incidence in this smaller body of data. These estimates, though less precise, 

are subject to exposure misclassification only to the degree of imperfection in the 

sensitivity and specificity of the prescription registries for classifying actual 

internalized VKA exposure. Cancer IRRs comparing VKA-exposed with VKA-

unexposed in the validation subset are listed in Table 15; the point estimates and 

95% confidence intervals are depicted graphically in Figure 9. There were no cases 

of liver cancer among the VKA-exposed in the validation subset, so this site was 

omitted from this analysis. 

Of the 23 remaining cancer sites that were analyzed, IRR point estimates 

ranged from 0.46 to 4.6, and precision of the estimates—defined as the ratio of the 

upper and lower 95% confidence limits—ranged from 1.8 to 80. Most of the 23 sites 

showed point estimates near unity with narrow, null-centered 95% confidence 

intervals. Five of the sites showed modestly elevated incidence rates among the 

VKA-exposed, compared with the VKA-unexposed, counter to the a priori 

hypothesis of protective effects based on Schulman’s observations.20 Four of these 
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associations were measured with good precision (prostate cancer IRR: 1.3, 95% CI: 

1.0, 1.7; basal cell skin cancer IRR: 1.4, 95% CI: 1.0, 1.8; bladder cancer IRR: 1.7, 

95% CI: 1.2, 2.5; colon cancer IRR: 1.7, 95% CI: 1.2, 2.4), and one was measured 

with poor precision (myelodysplastic syndromes IRR: 4.6, 95% CI: 1.3, 16). 

Probabilistic Bias Analysis: Estimated VKA and Cancer Associations in 

the Entire Cohort 

 Table 17 shows the median IRRs and 95% simulation intervals for the site-

specific cancer associations after probabilistic misclassification adjustment. This 

analysis included all 23 cancer sites from the validation subset, plus liver cancer.  

The effect of misclassification adjustment was to positively displace the distribution 

of IRR estimates, and to modestly widen the intervals about these estimates. Of the 

5 cancer sites that appeared to be positively associated with VKA exposure in the 

validation subset (prostate, basal cell skin, bladder, colon, and myelodysplastic 

syndromes), 4 also had a positive association suggested by point estimates and 

intervals calculated in the probabilistic bias analysis (prostate cancer median IRR: 

1.3, 95% SI 1.0, 1.6; basal cell skin cancer median IRR: 1.3, 95% SI 1.1, 1.6; colon 

cancer median IRR: 1.3, 95% SI 1.1, 1.7; bladder cancer median IRR: 1.4, 95% SI 

1.1, 1.9). 

Empirical Bayes Analysis of the Associations Estimated from the 

Validation Subset and from the Probabilistic Bias Analysis 

 Associations from both the validation subset and the probabilistic bias 

analysis were not compatible with the empirical Bayes estimation algorithm. The 

algorithm first calculates the observed variance of the log IRRs (Varobs) and the 

mean of the individual IRR variances across the entire vector of associations 

(Varmean).
68 The (unknown) true variance, Vartrue, is initially estimated as the 
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difference between the observed and mean variances.67 Since this estimated true 

variance must be positive, the empirical Bayes method requires that Varobs be 

greater than Varmean.
68 The estimate of Vartrue is updated iteratively until a solution is 

converged upon. The final estimate of Vartrue is compared with the variance of the 

individual associations, and this comparison informs the magnitude of the new 

estimate’s displacement toward the mean.  

In both the validation subset and probabilistic bias analysis data sets, the 

calculated mean variance was greater than the calculated observed variance, so 

there were no solutions for Vartrue. Despite this limitation to our analysis, it is notable 

that the ordinary objective of an empirical Bayes analysis is to remove emphasis 

from spuriously non-null associations. In this study, the totality of the evidence from 

the three estimation strategies did not suggest any meaningful associations to 

pursue with further study. It therefore stands to reason that no adjustment for the 

multiple comparisons is necessary to qualify our inferences. 

Instrumental Variable Analysis: Associations between Heart Valve 

Replacement Receipt and Incidence of Site-Specific Cancers in the 

Entire Cohort 

 Table 18 summarizes results from the instrumental variable analysis. The 

instrumental variable analysis included all 24 cancer sites. IRR point estimates 

ranged from 0.83 to 1.6. The individual point estimates and confidence intervals 

under the IV analysis all suggested null associations between vitamin K antagonist 

therapy and incidence of the specific cancers. In support of this interpretation is the 

INRP analysis presented in Figure 10. In this plot, the individual IV estimates fall 

almost perfectly along the line of IRR values predicted under a Gaussian distribution 

model, and this line approximately intersects the point defined by a null IRR and the 
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center of the INRP scale. Together, these indicate that the vector of IV associations 

is consistent with associations drawn at random from a null-centered normal 

distribution.76 

DISCUSSION: 

Considering our results in aggregate, there appear to be null associations 

between VKA therapy and the incidence of all 24 site-specific cancers we were able 

to evaluate.  

In the validation subset and the misclassification-adjusted analyses, four 

cancer sites consistently showed mildly elevated incidence rates in the VKA-

exposed compared with the VKA-unexposed, and the IRRs were measured with 

good precision (prostate, bladder, colon, and basal cell skin cancers). Nevertheless, 

under the IV analysis, these four measurements—and all other cancer association 

measurements—appeared null individually and conformed altogether with the 

expected distribution of values under a null model, as seen in the INRP analysis in 

Figure 10. This finding reduces the credibility that the elevated associations 

represent causal effects, and we focus on residual sources of bias as an 

explanation. 

Residual Confounding 

Residual confounding may explain the positive associations observed 

between VKA therapy and prostate, bladder, colon, and basal cell skin cancers. The 

risk factors for valvular disease (the indication for heart valve replacement) include 

the general risk factors for coronary heart disease (i.e., age, sex, smoking, body 

mass index, hypertension, and hypercholesterolemia) and history of endocarditis, 

congenital heart disease, or rheumatic heart disease.78, 79 These risk factors must 



49 

also be associated with one or more of the 4 site-specific cancers with elevated 

IRRs in order for confounding to explain the observed increase. 

Age, sex, and smoking are expected to be the strongest confounders of all 

VKA/cancer associations. Age and sex were balanced between exposure groups in 

the design of our study by matching. The table of baseline characteristics (Table 13) 

shows very similar proportions of person-time between exposure groups in the age 

and sex categories. This balance indicates successful matching and yields no 

expectation of residual confounding by age or sex.  

Smoking is a well-established risk factor for cardiovascular disease in 

general, though its specific association with the incidence and progression of 

valvular disease has not been well studied. It seems that this association would be 

positive and of modest magnitude. Smoking has shown modest associations with 

the risks of bladder,80, 81 prostate,82-84 and colon cancer.85 In our study, no elevation 

was observed for lung cancer under any of the estimation strategies. Since the 

cancer-smoking association should be strongest for the lung site, but no positive 

displacement of the lung cancer IRR was observed, residual confounding by 

smoking is an unlikely explanation for the observed positive IRRs.  

Data on BMI were not available in the Danish registries. Obesity is positively 

associated with both valvular disease78 and the incidence of colorectal, bladder and 

prostate cancer.85, 86 While a positive association with both the exposure and the 

outcome could explain the observed non-null IRRs for these cancers (assuming a 

truly null association), other cancers known to be related to obesity—particularly 

breast cancer—did not show positive associations. This incongruity, as well as the 

low prevalence of obesity in Denmark, makes residual confounding by BMI an 

unlikely explanation for the observed positive associations. 



50 

While no evidence has associated hypertension and hypercholesterolemia 

with cancer incidence, these conditions are sometimes treated by long-term 

prescription drug therapy that may modify cancer risk (e.g., aspirin, statins, ACE 

inhibitors, and calcium channel blockers).  

No class of antihypertensive drug showed an association with incidence of 

any cancer in a meta-analysis of 27 randomized trials.87 One study showed a 

protective association between use of beta blockers and incidence of prostate 

cancer.88 Regardless, a null or protective association between antihypertensive 

therapy and incidence of cancer would not give rise to the positive confounding that 

would be necessary to account for our observations.  

 Hypercholesterolemia is frequently managed with long-term statin therapy. 

Statin drugs, among other pleiotropic effects, are hypothesized to reduce the 

incidence of some types of cancer. While some individual epidemiology studies 

support this hypothesis, meta-analyses indicate null associations.22, 89, 90 As with 

antihypertensives, null or protective associations between statins and cancer 

incidence could not explain the positive associations observed in our study. 

 Two other drugs—the prescription pharmaceutical cabergoline and the 

recreational drug 3,4-methylenedioxymethamphetamine (MDMA)—are positively 

associated with valvular disease,91 but neither has been associated with cancer 

incidence. 

 The remaining risk factors for valve disease (history of endocarditis, 

congenital heart disease or rheumatic heart disease) also have no demonstrated 

association with cancer incidence, and were not considered candidate confounders 

of the estimated VKA/cancer associations. 
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Selection Bias 

 This study employed population-based, prospective, and automatically 

updated medical and civil registries for ascertainment of subjects and all exposure, 

outcome, and follow-up data. There was no active tracking of the research subjects, 

so no participation choices could affect loss to follow-up. Losses to follow-up due to 

emigration from Denmark are expected to occur at random; that is, with no joint 

dependence on heart valve replacement (or VKA prescription) status and cancer 

incidence.  

However, exposed subjects had a higher mortality rate compared with 

unexposed subjects, which was initially suggested by the total person-time 

contributed by each group (52,510 person-years contributed by heart valve 

recipients and 556,021 person-years contributed by 10:1 matched unexposed) and 

then confirmed by Kaplan-Meier survival analysis (Figure 11). To examine whether 

the differential mortality rate generated informative censoring, we created a 

secondary data set in which unexposed subjects were censored on the last follow-

up date of matched exposed subjects who were censored. We compared 

associations between heart valve replacement and incidence of the site-specific 

caners in the original and re-censored data sets (Figure 12), and noted similar 

results under both approaches. Selection bias from differential loss to follow-up is 

thus an implausible source of inaccuracy in our association estimates. 

Information Bias 

 The primary exposure in our study was receipt of a heart valve replacement, 

and was ascertained from the Danish National Registry of Patients. The nature of 

this exposure requires admission to a hospital and receipt of a surgical procedure, 
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leaving little room for errors in its classification. Our target exposure, however, was 

vitamin K antagonist therapy. Our probabilistic bias analysis, which addressed 

misclassification of VKA therapy by the heart valve proxy variable, was only as valid 

as the classification performance measures (PPV and NPV) that informed it. 

Imperfect classification of VKA exposure by the prescription registries would then 

lead to flawed inference about the ability of our proxy variable to capture the actual 

exposure of interest. The prescription registries log a patient’s pharmacy transaction 

only after they have paid the full price of the drug, after which the patient is 

reimbursed for a portion of the drug cost by the Danish healthcare system. Thus 

there is a strong expectation that an entry in the registry means that the patient took 

possession of the drug. Though possession does not guarantee actual use of the 

drug, the consequences are potentially dire if a heart valve recipient does not take 

their anticoagulant, so we expect high compliance among valve recipients with a 

VKA prescription. Poor prescription compliance among non-recipients of heart 

valves would only strengthen the contrast between our index and reference 

conditions. 

 Cancer incidence should be classified with high specificity in the registries; 

the most plausible source of classification error comes from imperfect sensitivity. If 

this were the case, the classification error would almost certainly be non-differential 

and independent since the prescription data were recorded prospectively (before the 

occurrence of cancer in any subject) and were contained in a wholly independent 

register than that used to ascertain the cancer diagnoses. Misclassification of the 

outcome with near perfect specificity and imperfect yet non-differential and 

independent sensitivity is not expected to bias our estimated incident rate ratios 

appreciably, since our cancer outcomes are quite rare.92 
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Summary 

We estimated associations between VKA therapy and the incidence of 24 

different site-specific cancers using three estimation strategies. The first strategy 

examined direct associations between VKA prescription and incidence of the 

cancers in a validation subset. The second strategy used receipt of a heart valve 

replacement as a proxy variable for VKA exposure in an age- and sex-matched 

cohort, with probabilistic adjustment for misclassification of VKA prescription by the 

heart valve proxy. The third strategy recognized heart valve replacement as a 

potential instrumental variable for the association between VKA therapy and the 

incidence of any cancer. 

Treatment with a vitamin K antagonist showed positive associations with the 

incidence of prostate, bladder, colon, and basal cell skin cancers in both the 

validation subset and probabilistic bias analyses. No cancer site showed an 

association (positive or negative) under the instrumental variable analysis. Of the 

three analytic approaches, the validation subset analysis likely best characterizes 

true exposure to a VKA; however age and sex are the only two candidate 

confounders for which the estimated VKA/cancer associations were controlled. The 

probabilistic bias analysis allowed for a longer study period and accrual of more 

cancer events, thus decreasing random error, but likely harbors residual exposure 

misclassification in addition to controlling only for the candidate confounders age 

and sex. Our first two analyses are therefore threatened by residual confounding, 

and each suffers from exposure misclassification in its own way. In the validation 

subset, prescription for a VKA does not necessarily mean that an individual was 

compliant and took their drug. In the probabilistic bias analysis, the misclassification 

adjustment brings the misclassified heart valve proxy as close as possible to 
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representing actual VKA prescription status, but this adjustment is likely incomplete 

and, even under the best of circumstances, would still require the qualification that 

having a prescription does not necessarily equal an internalized exposure. The 

instrumental variable analysis, however, is not only adjusted for confounding by age 

and sex, but by other potential confounders—measured and unmeasured—if the IV 

requirements are indeed satisfied. Use of the validation data to multiply impute VKA 

status from the heart valve replacement instrumental variable also adjusted for 

misclassification of the target exposure. Therefore, the IV analysis consolidates 

adjustment for known and unknown confounders with adjustment for exposure 

misclassification by the instrument—with the same qualification regarding 

prescription and actual exposure to a drug. For these reasons we consider the IV 

analysis to be the most valid of our three estimation strategies, and this analysis 

clearly depicts null associations between vitamin K antagonist therapy and the 

incidence of the 24 site-specific cancers we were able to examine (Table 18 and 

Figure 10). 

It should be noted that, even if the observed non-null observations from the 

validation subset and probabilistic bias analyses were not the result of residual bias 

or random error, their direction is opposite to that observed by Schulman and 

Lindmarker (causal, not protective), and do not support the proffered hypothesis that 

VKA therapy protects against cancer incidence.  
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Table 6: Procedure codes used to ascertain biological and artificial heart valve 

replacement procedures in the Danish National Registry of Patients. 

 
Surgical procedure Procedure codes 

Aortic valve replacement KFMD, 31268, 31269 

Mitral valve replacement KFKD, 31129, 31130 

Pulmonic valve replacement KFJF, 30959 

Tricuspid valve replacement KFGE, 30729 
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Table 7: ICD-10 codes used to ascertain incident site-specific cancer 

diagnoses in the Danish Cancer Registry. 

Cancer site ICD-10 code(s) 

Lip 
Tongue 
Oral cavity 
Salivary gland 
Tonsils and mouth 
Nasal 

C00.x 
C01.x – C02.x 
C02.x – C06.x 
C07.x – C08.x 
C09.x – C10.x 
C11.x 

Esophagus 
Stomach 
Small intestine 
Colon 
Rectum 
Liver 
Gallbladder & bile ducts 
Pancreas 

C15.x 
C16.x 
C17.x 
C18.x – C19.x 
C20.x – C21.x 
C22.x 
C23.x – C24.x 
C25.x 

Larynx 
Lungs, bronchi & trachea 
Thymus 
Cardiac/thoracic 
Pleural 

C32.x 
C33.x – C34.x 
C37.x 
C38.1 – C38.3, C38.8 
C38.4, C45.0 

Bones & articular cartilage C40.x – C41.x 

Mesothelioma 
Kaposi sarcoma 
Peripheral nerves 
Peritoneum 

C45.1 – C45.9 
C46.x, B21.0 
C47.x 
C48.x 

Breast C50.x 

Cervix 
Uterus 
Ovary 
Placenta 

C53.x 
C54.x – C55.x 
C56.x, C57.0 – C57.4 
C58.x 

Penis 
Prostate 
Testicle 

C60.x 
C61.x 
C62.x 

Kidney 
Renal pelvis 
Urinary bladder 

C64.x 
C65.x, D30.1, D41.1 
C67.x, D09.0, D30.3, D41.4 

Eye 
Brain 
 
Spinal cord & cranial nerves 

C69.x 
C71.x, D33.x, D35.2 – D35.4, 
D43.x, D44.3 – D44.5 
C72.x 

Thyroid 
Adrenal gland 

C73.x 
C74.x 
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Cancer site ICD-10 code(s) 

Hodgkin’s malignant lymphoma 
Non-Hodgkin’s malignant lymphoma 
Malignant myeloproliferative disease 

C81.x 
C82.x – C85.x, C90.x 
C88.x 

Leukemia (lymphocytic) 
Leukemia (myeloid) 

C91.x 
C92.x 

Basal cell skin cancer 
Non-basal cell skin cancer 

D44.x 
(Various site codes with 
morphology code 809) 

Polycythemia vera 
Myelodysplastic syndromes 

D45.x 
D46.x 
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Table 8: ICD-8 and ICD-10 codes used to ascertain past medical history 

variables from the Danish National Registry of Patients. 

Diagnosis ICD-8 code(s) ICD-10 code(s) 

Charlson comorbidities   

 Myocardial infarction 410.x I21 – I23 

 Congestive heart 
 failure 

427.09 – 427.11, 
427.19, 428.99, 
782.49 

I50.x, I11.0, I13.0, 
I13.2 

 Peripheral vascular 
 disease 

440 – 445 I70.x – I74.x, I77.x 

 Cerebrovascular 
 disease 

430 – 438 I60.x – I69.x,  
G45.x – G46.x 

 Dementia 290.09 – 290.19, 
293.09 

F00.x – F03.x, 
F05.1, G30.x 

 Chronic pulmonary 
 disease 

490 – 493, 515 – 
518 

J40.x – J47.x, 
J60.x – J67.x, 
J68.4, J70.1, J70.3, 
J84.1, J92.0, J96.1, 
J98.2, J98.3 

 Connective tissue 
 disease 

712, 716, 734, 
446, 135.99 

M05.x, M06.x, 
M08.x, M09.x, M30.x 
– M36.x, D86.x 

 Ulcer disease 530.91, 530.98, 
531 - 534 

K22.1, K25.x – 
K28.x 

 Mild liver disease 571, 573.01, 
573.04 

B18.x K70.0 – 
K70.4, K70.9, K71.x, 
K73.x, K74.x, K76.0 

 Diabetes (Type I) 249.00, 249.06, 
249.07, 249.09 

E10.0, E10.1, E10.9 

 Diabetes (Type II) 250.00, 250.06, 
250.07, 250.09 

E11.0, E11.1, E11.9 

 Hemiplegia 344 G81.x – G82.x 

 Moderate/severe renal 
 disease 

403, 404, 580 – 
584, 590.09, 
593.19,  
753.10 – 753.19, 
792 

I12.x, I13.x,  
N00.x – N05.x,  
N07.x, N11.x, N14.x,  
N17.x – N19.x, 
Q61.x 

 Diabetes with 
 complications 

249.01 – 249.05, 
249.08 

E10.2 – E10.8, 
E11.2 – E11.8 
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 Any tumor 140 - 194 C00.x – C75.x 

 Leukemia 204 - 207 C91.x – C95.x 

 Lymphoma 200 – 203, 275.59 C81.x – C85.x, 
C88.x, C90.x, C96.x 

 Moderate/severe liver 
 disease 

070.00, 070.03, 
070.04, 070.06, 
070.08, 573.00,  
456.00 – 456.09 

B15.0, B16.0, B16.2, 
B19.0, K70.4, K72.x, 
K76.6, I85.x 

 Metastatic solid tumor 195 – 198, 199.x C76.x – C80.x 

 AIDS 079.83 B21.x – B24.x 

Venous thromboembolic 
events (VTE) 

  

 Pulmonary embolism 450.x I26.x 

 Portal vein thrombosis 452.x I81.x 

 Other VTE 453.x I82.x 

Atrial fibrillation 427.4, 427.9 I48.x 
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Figure 3: Beta probability density functions defined for PPV and NPV for VKA 

exposure proxy by heart valve receipt, by cancer diagnosis status. 
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PPV0, NPV0: Predictive values among subjects with no incident cancer during 

follow-up. PPV1, NPV1: Predictive values among subjects with any incident cancer 

during follow-up.
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Figure 4: Algorithm for probabilistic bias analysis using positive and negative 

predictive values to adjust associations between VKA exposure and site-

specific cancer incidence for misclassification by the heart valve replacement 

proxy variable. 
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Table 9: Data arrangement for the jth site-specific cancer association with 

known VKA exposure data in the prescription validation subset. 

 (Validated) VKA + VKA - 

Cancer cases  aval,j bval,j 

Person-years  PT1val,j PT0val,j 
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Table 10: Data arrangement for the jth site-specific cancer association subject 

to VKA exposure misclassification under the heart valve replacement proxy. 

 (Non-validated subset) Heart valve + Heart valve - 

Cancer cases amis,j bmis,j 

Person-years PT1mis,j PT0mis,j 

 

 

 

Table 11: Calculation of adjusted cell values for the jth site-specific cancer 

association in the ith iteration of the probabilistic bias analysis routine, using 

observed values in the non-validated subset (Table 10) and randomly drawn 

values of PPV and NPV from empirically characterized beta distributions. 

 (Adjusted) Classified VKA + Classified VKA - 

Cancer cases  
aadj,ij = 

amis,j(PPV1i) + bmis,j(1-NPV1i) 
badj,ij = 

bmis,j(NPV1i) + amis,j(1-PPV1i) 

Person-years  
PT1adj,ij = 

PT1mis,j(PPV0i) +  
PT0mis,j(1-NPV0i) 

PT0adj,ij = 
PT0mis,j(NPV0i) +  
PT1mis,j(1-PPV0i) 
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Table 12: Combination of observed data from the validation subset and re-

classified data from the ith iteration of the probabilistic bias analysis routine 

for the jth site-specific cancer. 

 (Combined) Exposed Unexposed 

Cancer cases  
aij =  

aval,j + aadj,ij 
bij =  

bval,j + badj,ij 

Person-years  
PT1ij =  

PT1val,j + PT1adj,ij 
PT0ij =  

PT0val,j + PT0adj,ij 

 

 

 

 

Figure 5: Equation for calculation of the cancer incidence rate ratio comparing 

those classified as VKA-exposed with those classified as VKA-unexposed, 

with re-incorporation of random error, for the jth site-specific cancer at the ith 

iteration of the probabilistic bias analysis routine (Zij is a random standard 

normal deviate). 
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Figure 6: Directed acyclic graph (DAG) depicting necessary conditions for 

heart valve replacement to serve as an instrumental variable (IV) for exposure 

to a vitamin K antagonist. 
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Table 13: Baseline characteristics of the matched cohort. 

Valve recipients 
(n=9,727) 

Matched unexposed 
(n=95,481) 

Variable 
n 

Person-years 
(%) 

n 
Person-years 

(%) 
Sex 
  Male 
  Female 

 
6,024 
3,703 

32,293
20,217

 
(61) 
(39) 

58,953
36,528

 
337,992 
218,029 

 
(61) 
(39) 

Age on index date
  < 18 
  18-24 
  25-34 
  35-44 
  45-54 
  55-64 
  65-74 
  75-84 
  ≥ 85 

 
176 
88 

260 
520 

1,142 
2,247 
3,317 
1,885 

92 

1,186
742

2,022
3,698
7,747

13,140
16,763
6,956

257

 
(2.3) 
(1.4) 
(3.9) 
(7.0) 
(15) 
(25) 
(32) 
(13) 
(0.5) 

1,727
930

2,577
5,221

11,409
22,475
32,449
17,819

874

 
11,845 
8,108 

20,859 
40,615 
84,893 

144,861 
177,318 
65,551 
1,972 

 
(2.1) 
(1.5) 
(3.8) 
(7.3) 
(15) 
(26) 
(32) 
(12) 
(0.4) 

Charlson 
Comorbidity 
Index a 
  0 
  1 
  2 
  3 

 
 
 

4,932 
4,010 

664 
121 

29,817
19,842
2,540

313

 
 
 
(57) 
(38) 
(4.8) 
(0.6) 

75,171
17,825
2,136

349

 
 
 

471,516 
77,264 
6,461 

780 

 
 
 
(85) 
(14) 
(1.2) 
(0.1) 

History of atrial 
fibrillation/flutter 

  Positive 
  Negative 

 
 

1,183 
8,544 

4,513
47,998

 
 
(8.6) 
(91) 

2,070
93,411

 
 

5,378 
550,642 

 
 
(1.0) 
(99) 

History of VTE b 

  Positive 
  Negative 

 
101 

9,626 
508

52,003

 
(1.0) 
(99) 

487
94,994

 
1,917 

554,103 

 
(0.3) 
(99.7) 

 

a Charlson Comorbidity Index is classified by the sum of weighted prevalent medical 

conditions. The diagnoses, weights, and ordinal index classification are described in 

detail elsewhere.59, 93 
b VTE: Venous thromboembolism. 
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Table 14: Validation of the heart valve replacement proxy for VKA exposure in 

the subset of subjects for whom both prescription and hospital discharge 

data were available (n = 24,647). 

 Any cancer diagnosis No cancer diagnosis 

Valve 
replacement 
history: 

VKA+ VKA- VKA+ VKA- 

 Positive 220 10 2,240 65 

 Negative 223 1,634 1,704 18,551 

Positive 
predictive value  
(PPV): 

220/230 = 0.956 2,240/2,305 = 0.972 

Negative 
predictive value 
(NPV): 

1,634/ 1,857 = 0.880 18,551/20,255 = 0.916 

 



68 

  

Figure 7: Trend in positive predictive value (PPV) estimates by year of the 

prescription validation period. 
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Figure 8: Trend in negative predictive value (NPV) estimates by year of the 

prescription validation period. 
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Table 15: Associations between VKA therapy and site-specific cancer 

incidence in the validation subset (n = 24,647), with rows ordered by rank of 

IRR point estimate. 

Cancer site 

VKA  
Exposed: 

Cases/  
Person-years 

VKA 
Unexposed: 

Cases/ 
Person-years 

IRR  
(95% CI) 

Precision a 

Esophagus 
2/ 
18526.2 

20/ 
85465.1 

0.46  
(0.11, 2.0) 

18 

Brain 
4/ 
18526.8 

25/ 
85473.5 

0.74  
(0.26, 2.1) 

8.3 

Skin, non-basal 
cell 

9/ 
18583.2 

52/ 
85582.3 

0.80  
(0.39, 1.6) 

4.1 

Non-Hodgkin’s 
lymphoma 

10/ 
18543.4 

53/ 
85549.8 

0.87  
(0.44, 1.7) 

2.7 

Breast (female) 
18/ 
7053.5 

93/ 
33619.1 

0.92  
(0.56, 1.5) 

3.9 

Lungs 
50/ 
18735.7 

211/ 
86181.9 

1.1  
(0.80, 1.5) 

1.9 

Rectum 
20/ 
18584.8 

84/ 
85683.3 

1.1  
(0.67, 1.8) 

3.7 

Pancreas 
11/ 
18562.8 

45/ 
85515.1 

1.1  
(0.58, 2.2) 

2.7 

Gallbladder 
1/ 
18518.6 

4/ 
85385.5 

1.2  
(0.13, 10) 

80 

Leukemia, 
myeloid 

6/ 
18529.9 

23/ 
85465.1 

1.2  
(0.49, 3.0) 

6.0 

Prostate 
57/ 
11769.0 

198/ 
52989.7 

1.3  
(1.0, 1.7) 

1.8 

Ovary 
7/ 
7003.4 

25/ 
33398.0 

1.3  
(0.58, 3.1) 

5.4 

Skin, basal cell 
63/ 
18737.6 

210/ 
86141.3 

1.4  
(1.0, 1.8) 

1.8 

Uterus 
7/ 
7012.7 

24/ 
33370.5 

1.4  
(0.60, 3.2) 

5.4 

Kidney 
7/ 
18537.7 

23/ 
85460.0 

1.4  
(0.60, 3.3) 

5.4 

Larynx 
4/ 
18529.6 

13/ 
85425.7 

1.4  
(0.46, 4.4) 

9.4 

Oral cavity 
4/ 
18532.4 

12/ 
85440.4 

1.5  
(0.50, 4.8) 

9.6 

Stomach 
10/ 
18565.3 

29/ 
85505.9 

1.6  
(0.77, 3.3) 

4.2 

Colon 
44/ 
18684.3 

119/ 
85943.9 

1.7  
(1.2, 2.4) 

2.0 
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Cancer site 

VKA  
Exposed: 

Cases/  
Person-years 

VKA 
Unexposed: 

Cases/ 
Person-years 

IRR  
(95% CI) 

Precision a 

Bladder 
40/ 
18672.0 

106/ 
85717.5 

1.7  
(1.2, 2.5) 

2.1 

Leukemia, 
lymphoid 

6/ 
18532.7 

15/ 
85432.9 

1.8  
(0.72, 4.8) 

6.6 

Cervix 
4/ 
6982.8 

8/ 
33304.5 

2.4  
(0.72, 7.9) 

11 

Myelodysplastic 
syndromes 

5/ 
18552.1 

5/ 
85391.3 

4.6  
(1.3, 16) 

12 
 

a Precision is calculated as the ratio of the upper and lower 95% confidence limits. 
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Table 16: Associations between VKA therapy and site-specific cancer 

incidence in the validation subset, restricted to subjects with no history of 

venous thromboembolism. 

Cancer site 
VKA Exposed: 

Cases/ 
Person-years 

VKA Unexposed: 
Cases/ 

Person-years 

IRR  
(95% CI) 

Esophagus 
2/ 
18336.8 

20/ 
85271.7 

0.47  
(0.11, 2.0) 

Brain 
4/ 
18337.4 

25/ 
85280.1 

0.74  
(0.26, 2.1) 

Skin, non-basal 
cell 

9/ 
18393.9 

52/ 
85388.9 

0.80  
(0.40, 1.6) 

Breast (female) 
18/ 
6986.8 

92/ 
33490.1 

0.94  
(0.57, 1.6) 

Non-Hodgkin’s 
lymphoma 

10/ 
18354.0 

53/ 
85356.4 

0.88  
(0.45, 1.7) 

Lungs 
48/ 
18524.0 

211/ 
85988.5 

1.1  
(0.77, 1.4) 

Pancreas 
11/ 
18373.4 

45/ 
85321.7 

1.1  
(0.59, 2.2) 

Rectum 
20/ 
18395.4 

84/ 
85489.9 

1.1  
(0.68, 1.8) 

Gallbladder 
1/ 
18329.2 

4/ 
85192.1 

1.2  
(0.13, 10) 

Leukemia, 
myeloid 

6/ 
18340.6 

23/ 
85271.7 

1.2  
(0.49, 3.0) 

Ovary 
7/ 
6936.7 

25/ 
33269.2 

1.3  
(0.58, 3.1) 

Prostate 
56/ 
11646.2 

198/ 
52925.2 

1.3  
(1.0, 1.7) 

Kidney 
7/ 
18348.3 

23/ 
85266.6 

1.4  
(0.61, 3.3) 

Larynx 
4/ 
18340.2 

13/ 
85232.3 

1.4  
(0.47, 4.4) 

Skin, basal cell 
62/ 
18548.0 

208/ 
85944.5 

1.4  
(1.0, 1.8) 

Uterus 
7/ 
6946.0 

24/ 
33241.6 

1.4  
(0.60, 3.2) 

Oral cavity 
4/ 
18343.0 

12/ 
85247.0 

1.6  
(0.50, 4.8) 

Stomach 
10/ 
18375.9 

29/ 
85312.5 

1.6  
(0.78, 3.3) 

Bladder 
40/ 
18482.7 

106/ 
85524.1 

1.8  
(1.2, 2.5) 
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Cancer site 
VKA Exposed: 

Cases/ 
Person-years 

VKA Unexposed: 
Cases/ 

Person-years 

IRR  
(95% CI) 

Colon 
43/ 
18492.8 

118/ 
85737.2 

1.7  
(1.2, 2.4) 

Leukemia, 
lymphoid 

6/ 
18343.3 

15/ 
85239.5 

1.9  
(0.72, 4.8) 

Cervix 
4/ 
6916.1 

8/ 
33175.7 

2.4  
(0.72, 8.0) 

Myelodysplastic 
syndromes 

5/ 
18362.7 

5/ 
85197.9 

4.6  
(1.3, 16) 



74 

Figure 9: Plot of the associations between VKA therapy and site-specific 

cancer incidence in the validation subset, ordered left to right according to 

rank. 
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Table 17: Site-specific cancer associations following probabilistic bias 

analysis to correct VKA exposure misclassification by the heart valve proxy: 

median incidence rate ratios and 95% simulation intervals from distributions 

of 100,000 adjusted estimates. Listed by rank. 

Cancer Site Median IRR 95% SI 

Pancreas 1.0 0.57, 1.9 

Leukemia, lymphocytic 1.1 0.39, 2.9 

Brain 1.1 0.57, 2.1 

Ovary 1.2 0.52, 2.7 

Larynx 1.2 0.43, 3.2 

Lungs 1.2 0.96, 1.5 

Gallbladder 1.2 0.44, 3.4 

Rectum 1.2 0.86, 1.8 

Uterus 1.2 0.65, 2.4 

Esophagus 1.3 0.74, 2.1 

Prostate 1.3 1.0, 1.6 

Leukemia, myeloid 1.3 0.51, 3.2 

Breast 1.3 0.99, 1.7 

Non-Hodgkin's lymphoma 1.3 0.91, 1.9 

Kidney 1.3 0.75, 2.4 

Skin, basal cell 1.3 1.1, 1.6 

Colon 1.3 1.1, 1.7 

Skin, non-basal cell 1.4 1.0, 2.0 

Bladder 1.4 1.1, 1.9 

Stomach 1.5 0.90, 2.4 

Cervix 1.6 0.62, 3.9 

Liver 1.6 0.82, 3.0 

Myelodysplastic syndromes 1.6 0.50, 5.2 
Oral cavity 1.7 0.70, 4.0 
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Table 18: Instrumental variable analysis: Associations between VKA therapy 

and site-specific cancer incidence, estimated by using receipt of a heart valve 

replacement as an instrumental variable. 

Cancer Site 
IRR  

(95% CI) 
Inverse 

Variance Rank INRP 
Modeled  

IRR a 

Leukemia, 
lymphocytic 

0.83  
(0.48, 1.4) 

13 1 -1.95 0.82 

Pancreas 
0.84 

(0.55, 1.3) 
22 2 -1.50 0.88 

Brain 
0.91 

(0.51, 1.6) 
13 3 -1.24 0.91 

Larynx 
0.93 

(0.47, 1.8) 
9 4 -1.04 0.94 

Ovary 
0.95 

(0.51, 1.8) 
11 5 -0.88 0.97 

Gallbladder 
0.99 

(0.44, 2.3) 
6 6 -0.73 0.99 

Rectum 
1.0 

(0.75, 1.4) 
42 7 -0.60 1.0 

Lung 
1.0 

(0.87, 1.3) 
121 8 -0.48 1.0 

Uterus 
1.1 

(0.68, 1.7) 
19 9 -0.37 1.1 

Breast 
1.1 

(0.88, 1.3) 
87 10 -0.26 1.1 

Prostate 
1.1 

(0.92, 1.3) 
142 11 -0.16 1.1 

Liver 
1.1 

(0.51, 2.4) 
7 12 -0.05 1.1 

Esophagus 
1.1 

(0.66, 1.9) 
16 13 0.05 1.1 

Kidney 
1.1 

(0.70, 1.8) 
18 14 0.16 1.1 

Colon 
1.2 

(0.90, 1.5) 
73 15 0.26 1.2 

Skin, basal 
1.2 

(1.0, 1.4) 
183 16 0.37 1.2 

Non-Hodgkin’s 
lymphoma 

1.2 
(0.83, 1.7) 

32 17 0.48 1.2 

Leukemia, 
myeloid 

1.2 
(0.65, 2.3) 

10 18 0.60 1.2 

Stomach 
1.3 

(0.86, 1.9) 
27 19 0.73 1.3 
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Cancer Site 
IRR  

(95% CI) 
Inverse 

Variance Rank INRP 
Modeled  

IRR a 

Bladder 
1.3 

(1.0, 1.6) 
80 20 0.88 1.3 

Skin, non-basal 
1.3 

(0.96, 1.8) 
44 21 1.04 1.3 

Cervix 
1.3 

(0.68, 2.6) 
9 22 1.24 1.4 

Oral cavity 
1.5 

(0.75, 3.0) 
8 23 1.50 1.4 

Myelodysplastic 
syndromes 

1.6 
(0.60, 4.3) 

5 24 1.95 1.5 
 

a Modeled IRR was calculated with the following equation, estimated from the 

inverse-variance weighted regression of log observed IRRs on the inverse normal of 

rank percentile: IRRnull = EXP(0.107 + 0.159*INRP) 
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Figure 10: Plot of the associations between VKA therapy and the incidence of 

site-specific cancers according to inverse normal of rank percentile: heart 

valve replacement as an instrumental variable for exposure to a vitamin K 

antagonist. Cancer sites are ordered left to right according to the list in Table 

18. 
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Figure 11: Kaplan-Meier survival curves for total mortality, stratified by heart 

valve replacement status. 



80 

 
Figure 12: Comparison of the associations between heart valve replacement 

and site-specific cancer incidence in the original data, and in a secondary 

data set with re-censored unexposed subjects whose matched exposed 

subjects were lost to follow-up. 
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POLYMORPHISMS IN THE UDP-GLUCURONOSYL 
TRANSFERASES AND BREAST CANCER RECURRENCE 
IN TAMOXIFEN-TREATED WOMEN 

BACKGROUND:  

 Tamoxifen (TAM) is a selective estrogen receptor modulator (SERM) that 

binds the estrogen receptor (ER) and inhibits breast cancer cell growth stimulation 

by estradiol (E2).94 Cytochrome P450 enzymes (CYPs) oxidize tamoxifen and N-

desmethyl tamoxifen to 4-OH-tamoxifen (4HT) and 4-OH-N-desmethyl tamoxifen 

(endoxifen), respectively, which bind the ER with approximately 100-fold higher 

affinity than tamoxifen itself. Tamoxifen’s intended therapeutic effect is potentiated 

by cytochrome P450 (CYP)-mediated conversion to its more active metabolites, 4-

OH-tamoxifen (4HT) and 4-OH-N-desmethyl-tamoxifen (endoxifen) which exert most 

of the anti-estrogenic effect.95 Phase II metabolic enzymes catalyze the addition of 

polar moieties to the active tamoxifen metabolites, enhancing their water solubility 

and promoting their excretion. One such set of enzymes is the UDP-

glucuronosyltransferase family (UGTs)—hepatic enzymes that convert 4-OH-

tamoxifen and endoxifen into tamoxifen glucuronides.96 Glucuronidation is the chief 

mechanism by which active tamoxifen metabolites are eliminated from the body,97 

but a minor elimination pathway proceeds via sulfonation reactions catalyzed by 

SULT1A1, a polymorphic enzyme in the sulfotransferase family.98 The main phase I 

and II reactions of tamoxifen metabolism are summarized in Figure 13. 

Four members of the UGT family—UGT2B15, UGT1A8, UGT2B7 and 

UGT1A10—are chiefly responsible for the glucuronidation of tamoxifen.96 Three of 

these UGTs (UGT2B15, UGT1A8 and UGT2B7) harbor single nucleotide 

polymorphisms (SNPs), with variant alleles yielding phenotypes that have altered 
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enzyme functionality. UGT2B15 has wild-type (*1) and variant (*2) alleles, with the 

variant encoding an enzyme that has a roughly two-fold higher rate of catalysis than 

the wild-type.99 UGT1A8 has wild-type (*1) and two variant (*2 and *3) alleles. The 

UGT1A8*2 allele produces an enzyme with catalytic activity similar to that of the 

wild-type, and the *3 allele—though it completely eradicates glucuronidation 

activity—is very uncommon in the population.100, 101 UGT2B7 has wild-type (*1) and 

variant (*2) alleles, and the variant allele encodes an enzyme with reduced 

activity.101  

Consequently, of the genes involved in the conjugation and elimination of 

active tamoxifen metabolites, polymorphisms in UGT2B15 and UGT2B7 have the 

greatest potential to alter elimination rates of 4HT and endoxifen, either prolonging 

or reducing the in vivo availability of these metabolites and potentially modifying the 

effectiveness of tamoxifen therapy. 

METHODS: 

 This study was approved by the Regional Committee on Biomedical 

Research Ethics of Aarhus County, Denmark, and by the Boston University Medical 

Campus Institutional Review Board. 

Study Population 

We studied the association between UGT variants and breast cancer 

recurrence in tamoxifen-treated women using a population-based case-control 

design. The source population for cases and controls was all women aged 35 to 69 

years who were diagnosed with UICC Stage I, II or III primary breast cancer 

between 1985 and 2001 in one of seven Danish counties (Aarhus, North Jutland, 

Viborg, Ringkøbing, South Jutland, Vejle, or Ribe) and who were reported to the 
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Danish Breast Cancer Cooperative Group (DBCG) registry.102 (The included 

counties are now in the North, Mid, and South regions of Denmark.) The study 

population was divided into two groups;  (1) women whose primary tumors 

expressed the estrogen receptor and who were treated with tamoxifen for at least 

one year (ER+/Tam+), and (2) women whose primary tumors did not express the 

estrogen receptor, were not treated with tamoxifen, and who survived at least one 

year after breast cancer diagnosis (ER-/Tam-). The latter group was included in the 

study to estimate the direct effect (i.e., not mediated through the tamoxifen 

pathway), if any, of the UGT variants on breast cancer recurrence risk. Women not 

meeting either of the group definitions were excluded from the study.  

Cases were those women from the source population who experienced a 

breast cancer recurrence after at least one year of tamoxifen treatment (if in the 

ER+/Tam+ group) or who survived at least one year after breast cancer diagnosis (if 

in the ER-/Tam- group). 

Eligible controls were those women from the source population who had not 

had a breast cancer recurrence after the same amount of follow-up time as each 

index case. 

Registry Data Collection 

Cases of breast cancer recurrence were identified in the DBCG registry. Risk 

sets were enumerated for each case, conditional on the following matching factors: 

(a) group membership (ER+/Tam+ or ER-/Tam-), (b) menopausal status at 

diagnosis (premenopausal or postmenopausal), (c) date of breast cancer surgery 

(caliper matched ± 12 months), (d) county of residence at diagnosis, and (e) UICC 

stage at diagnosis (stage I, II, or III). One control was sampled at random from the 
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risk set of each case. The risk-set sampling of controls results in a case-control 

odds ratio that estimates the breast cancer recurrence rate ratio.103 

The recurrence risk period began after at least one year of tamoxifen 

treatment (for cases and controls in ER+/Tam+) or after survival for one year after 

breast cancer diagnosis (for cases and controls in ER-/Tam-). Follow up ended with 

the first of breast cancer recurrence, death from any cause, emigration from 

Denmark, or 1 September 2006. 

Breast cancer and demographic data (age, menopausal status, hospital of 

diagnosis, UICC stage, histologic grade, estrogen receptor expression, primary 

surgery type, receipt of radiation therapy, receipt of chemotherapy, and receipt of 

tamoxifen therapy) were ascertained from the DBCG database for all cases and 

controls.  

Tissue Processing 

We used the CPR numbers of cases and controls to identify and retrieve 

archived tumors that were resected during primary therapy and stored in the 

pathology archives of treating hospitals. Hematoxylin and eosin stained sections or 

written pathological descriptions of the tumor blocks were reviewed by a pathologist 

to identify appropriate blocks for processing. Tissue blocks were manipulated in a 

laminar flow hood that had been sterilized before use with at least one hour of 

ultraviolet light exposure. Contaminating nucleases were removed by wiping all work 

surfaces and instruments with an aqueous solution of 1% (w/v) sodium dodecyl 

sulfate (SDS), followed by 99.9% ethanol. Several sections were cut from each 

block and discarded to ensure a clean starting surface for final sample procurement. 

For DNA extractions, three to six 10 µm pieces were cut from each tumor block and 

placed in a sterile 1.5 mL centrifuge tube. The cutting knife was wiped clean with the 
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SDS/ethanol series after each block, and the blade was replaced after every two 

blocks. Each blade was of sufficient length to permit the cutting of two blocks 

without cross-contamination. Laboratory personnel changed gloves between blocks, 

and cut a pure paraffin control block after every 10 tumor blocks to serve as a 

checkpoint for contamination. 

DNA Extraction 

Following removal of paraffin by xylene treatment, DNA was extracted from 

tumor samples by two serial incubations with 99% ethanol at 60°C and 800 rpm for 

20 minutes, followed by centrifugation at 12,200 rpm for 5 minutes. One drop of 

acetone was added to each resulting pellet, and samples were evaporated to 

dryness at 60°C. Tissues were then dissolved overnight in a shaking incubator at 

55°C and 1,000 rpm after addition of 150 µL proteinase K solution (10 µg/µL). The 

following morning, proteinase K reactions were halted by a 20 minute incubation at 

98°C. DNA was then separated from the reactants using a robotic magnet-assisted 

nucleic acid isolation instrument (MagnaPure, Roche Applied Science). 

Amplification and Genotyping 

From each tumor sample, 50 ng of extracted DNA were amplified in 25 µL 

PCR reactions with 50 denaturation cycles at 92°C for 15 seconds, followed by 

annealing and extension at 60°C for 90 seconds, using primers and reagents 

supplied with TaqMan genotyping kits (Applied Biosystems, Foster City, California, 

USA).  

Genotyping of the UGT2B15*2 allele was accomplished with a commercially 

available kit (TaqMan real-time PCR, Applied Biosystems, Inc. Product # C-

27028164-10). 
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Genotyping the UGT2B7*2 allele required development of a custom TaqMan 

assay (Applied Biosystems, Inc.). The nucleotide sequence flanking the SNP site is 

relatively rich in guanine and cytosine residues, which impeded successful binding 

of a custom-synthesized fluorescent probe for this locus. We therefore identified 

another UGT2B7 SNP—with sparse guanine and cytosine in its flanking region—

estimated to be in perfect linkage disequilibrium (LD) with the *2 variant in 

Caucasians, to use as a proxy SNP. Linkage disequilibrium measures the degree of 

non-random association between alleles at different loci, usually on the same 

chromosome.104 An allele is said to be in perfect LD with another if the two correlate 

perfectly (i.e., r2 = 1, or D’ = 1).104 Therefore, measuring the genotype of one SNP 

that is in perfect LD with a second SNP is equivalent to measuring the genotype of 

the second SNP. Linkage disequilibrium parameters are estimated for all SNPs 

surveyed in the human genome by the International HapMap Project (HapMap). We 

used the Haploview software application (Broad Institute, Cambridge, 

Massachusetts, USA) to download and analyze public HapMap data (version 2, 

release 22) from the region of chromosome 4 containing the UGT2B7 gene. We 

searched the 5 kilobase area flanking the target UGT2B7*2 allele (rs7439366) for 

candidate proxy SNPs with high LD values. We identified a second UGT2B7 SNP 

estimated to be in perfect LD with the target (proxy SNP ID: rs7434332; r2 = 1; D’ = 

1, 95% CI: 0.95, 1). Based on these LD estimates, detecting a variant allele at the 

proxy SNP is essentially equivalent to detecting a variant allele at the UGT2B7*2 

locus. A custom TaqMan assay for the proxy SNP was successfully developed by 

contract with Applied Biosystems, Inc. 

All samples were assayed in duplicate using the MX3000P real-time PCR 

system (Stratagene, Cedar Creek, Texas, USA). Positive controls for each variant 
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were identified by sequencing peripheral blood DNA from 30 healthy individuals and 

included with each batch of assays. Negative controls, with sterile water substituted 

for DNA, were also included in each batch. 

Genotypes were classified as (a) homozygous wild-type, (b) heterozygous, or 

(c) homozygous variant, according to the auto-call feature of the analytic software 

(MXPro QPCR version 4.1, Stratagene). 

Definitions of Analytic Variables 

UGT2B7 and UGT2B15 genotypes at the *2 loci were recorded as (a) 2 

normal alleles (homozygous wild-type), (b) 1 variant allele (heterozygous), or (c) 2 

variant alleles (homozygous variant).  

The UGT2B7*2 variant confers a phenotype of reduced glucuronidation rate, 

while the UGT2B15*2 variant confers a phenotype of increased glucuronidation rate. 

Women with variant alleles in both UGTs will therefore have a complicated 

glucuronidation phenotype. Table 21 shows how women with different genotype 

combinations for the two UGTs were classified according to overall phenotype. This 

predicted phenotype served as an alternative exposure definition. 

Statistical Analysis 

Within analytic groups (ER+/Tam+ and ER-/Tam-) we calculated the 

frequency and proportion of cases and controls according to UGT genotype, 

predicted glucuronidation phenotype, and tumor, treatment and socio-demographic 

characteristics. 

We used UGT genotype data to calculate the observed minor allele 

frequency (MAF) for each UGT, and to test whether the genotype distributions were 

in Hardy-Weinberg equilibrium among the controls.105 
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Logistic regression was used to estimate the odds ratio (by design 

approximating the rate ratio) associating UGT polymorphisms with breast cancer 

recurrence among women taking tamoxifen. The analyses were repeated in the 

group of women who did not take tamoxifen to evaluate non-tamoxifen mediated 

effects of UGT genotype on recurrence rate. Logistic regression models were 

constructed in two ways: (1) conditioned on matched factors, thus controlling for any 

selection bias induced by matching controls to cases, and (2) adjusting for the 

matching factors stage and menopausal status at diagnosis as independent 

variables in the model. 

We used 4 different approaches to characterizing exposure to variant UGTs. 

(1) We characterized UGT genotypes as exposure categories in models unadjusted 

and adjusted for any substantial confounders (tumor, treatment, and demographic 

variables)—using separate models for UGT2B15 and UGT2B7 (Model 1). (2) We 

characterized UGT genotypes as exposure categories with mutual adjustment (that 

is, evaluating independent effects when both genes are modeled simultaneously), 

with and without adjustment for any substantial confounders (Model 2). (3) We built 

restricted models, in which we estimated associations for one UGT within the 

stratum of homozygote wild-types for the other UGT. (4) We classified UGT 

exposure by the predicted glucuronidation phenotype (detailed in Table 21). 

We evaluated potential confounding by other covariates using the modified 

stepwise procedure recommended by Greenland (using a ≥ 10% change in the 

estimated log-odds ratio as an indicator of substantial confounding). No covariate 

was expected to confound the associations, since none could act causally on, or 

likely share common causal ancestors with, genotype. 
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RESULTS: 

Baseline Characteristics of Cases and Controls 

We identified 355 ER+/Tam+ cases of recurrent breast cancer, to which were 

matched 360 ER+/Tam+ controls. We identified 214 ER-/Tam- cases of recurrent 

breast cancer, to which were matched 206 ER-/Tam- controls. 

 The distribution of cases and controls according to UGT genotypes, 

predicted glucuronidation phenotypes, and key demographic, tumor, and treatment 

variables is shown in Table 20. The matching factors (diagnosis year, menopausal 

status at diagnosis, and tumor stage at diagnosis) were well-balanced between 

cases and controls in both the ER+/Tam+ and ER-/Tam-groups. The majority of 

cases and controls were age 55 or older when their breast cancer was diagnosed. 

In the ER+/Tam+ group, more than 90 percent of cases and controls were post-

menopausal at breast cancer diagnosis, compared with only 60 percent in the ER-

/Tam- group. The ER+/Tam+ group had fewer stage I tumors at diagnosis compared 

with the ER-Tam- group. Women in the ER-/Tam- group were somewhat more likely 

to undergo radiation therapy, and were much more likely to received adjuvant 

chemotherapy, compared with women in the ER+/Tam+ group. Similar proportions 

of cases and controls in both groups underwent breast-conserving surgery instead 

of radical mastectomy (approximately 15 percent), which is consistent with an earlier 

report on trends of breast-conserving surgery use in Denmark.106 Within the 

ER+/Tam+ group, 91 percent of cases and 90 percent of controls were initially 

assigned to tamoxifen treatment durations of two years or more. Based on results 

from an internal medical record review, most tamoxifen-treated women placed on 
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one- or two-year treatment protocols ultimately stayed on the drug longer than 

initially assigned.  

Critical comparison of our tamoxifen-treated subjects with the ‘super-

population’ of tamoxifen-treated Danish breast cancer patients is prevented by the 

process through which tamoxifen status is recorded by the DBCG registry: only 

women with higher-risk breast cancers were enrolled in the tamoxifen treatment 

protocols established by the DBCG, and it is only these women whose tamoxifen 

status is reliably recorded in the registry. As a result, for example, the lower 

prevalence of stage I tumors observed in the tamoxifen-treated study subjects is an 

artifact of the registry reporting criteria, and likely does not reflect the true stage 

distribution among all Danish breast cancer patients who underwent tamoxifen 

therapy. 

Table 24 shows the genotype and minor allele frequencies for the two UGT 

variants that were observed among controls. Genotype frequencies among controls 

were in Hardy-Weinberg equilibrium.107 For UGT2B15*2, we observed a minor allele 

frequency (MAF) of 0.49, which is almost equal to the benchmark MAF reported for 

Caucasians in the PharmGKB database (0.47; Table 19). For UGT2B7*2, we 

observed a MAF of 0.55, which compares well with the benchmark of 0.50 reported 

for Caucasians in the NCBI SNP database (Table 19). 

UGT Single-Nucleotide Polymorphisms and Breast Cancer Recurrence 

No covariate changed the estimated log-odds by more than 10%. Therefore 

all models were adjusted only for the matched factors (menopausal status and UICC 

stage at diagnosis) either through estimation of conditional likelihoods or through 

inclusion as independent variables. 



91 

We observed no association between the UGT variants and breast cancer 

recurrence among women not treated with tamoxifen (the ER-/Tam- group). Thus, 

any association seen among the tamoxifen-treated women would reasonably be 

mediated through UGT variant effects on the bioavailability of tamoxifen 

metabolites. 

Estimates across all modeling strategies showed null or near-null 

associations between variant alleles at UGT2B15*2 and UGT2B7*2 and the rate of 

recurrence among breast cancer patients treated with tamoxifen (Table 22 and 

Table 23). Under the Model 1 estimation strategy (genotype associations adjusted 

for the matching factors UICC stage and menopausal status at diagnosis), having 2 

variant alleles at the UGT2B15*2 locus was associated with a breast cancer 

recurrence rate ratio of 0.68 (95% CI: 0.45, 1.0); having 2 variant alleles at the 

UGT2B7*2 locus was associated with a breast cancer recurrence rate ratio of 0.85 

(95% CI: 0.54, 1.3); having a predicted phenotype of increased glucuronidation rate 

was associated with a breast cancer recurrence rate ratio of 1.0 (95% CI: 0.67, 1.5); 

and having a predicted phenotype of reduced glucuronidation rate was associated 

with a breast cancer recurrence rate ratio of 1.1 (95% CI: 0.73, 1.5). 

DISCUSSION:  

We observed no association between variant alleles of UGT2B7 and 

UGT2B15 and the rate of breast cancer recurrence among breast cancer patients 

treated with tamoxifen. 

Variant alleles at UGT2B15*2 appeared somewhat protective against 

recurrence in crude conditional logistic regression analyses (Table 22; Crude OR for 

1 variant allele: 0.70, 95% CI: 0.47, 1.0; Crude OR for 2 variant alleles: 0.57, 95% 
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CI: 0.35, 0.91). These associations appeared null upon use of the more statistically 

efficient Model 1 (adjustment for stage and menopausal status instead of 

conditioning on matched strata) and also appeared null upon mutual adjustment for 

UGT2B7*2 genotype. Since a protective association with variant UGT2B15*2 alleles 

is not expected under the biological model, in which the variant increases the rate of 

elimination of active tamoxifen metabolites, we interpret the results of the 

multivariate models as indicating no association between this SNP and breast 

cancer recurrence. 

Analyses using the predicted glucuronidation phenotype—estimated from the 

joint UGT2B15*2 and UGT2B7*2 genotypes (Table 21)—as an alternative exposure 

definition were similarly null. 

Analyses of each UGT that were restricted to the stratum of homozygote 

wild-types (i.e., 2 normal alleles) on the other UGT also indicated null associations 

(Table 23), though these models yielded imprecise estimates due to sparse data. 

Limitations 

A modest proportion (16%) of our subjects had missing genotype data at the 

UGT2B7*2 locus due to a limited availability of laboratory personnel and resources. 

Because we expect these data to be missing at random, we do not anticipate that 

any systematic bias influenced the observed associations between UGT2B7*2 

genotypes and breast cancer recurrence. However, the impaired sample size 

reduced the precision with which the UGT2B7 and predicted phenotype 

associations—and the UGT2B15 associations adjusted for, or restricted to, UGT2B7 

status—could be estimated. 

Due to assay development challenges, a polymorphism in the SULT1A1 

gene (the *2 variant) could not be measured and incorporated into an overall 
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‘elimination phenotype’ exposure definition. The SULT1A1*2 variant increases the 

rate of sulfation, and as with UGT2B15*2 would be expected to reduce tamoxifen 

effectiveness under the biological model. However, tamoxifen metabolites appear to 

be largely excreted in the bile as tamoxifen glucuronides,97 and the sulfation 

pathway appears to be a minor contributor to elimination. Furthermore, Jin and 

colleagues found no important difference in plasma concentrations of tamoxifen and 

its metabolites in carriers of SULT1A1*2 variants, compared with SULT1A1 wild-

types.108 Therefore our inability to measure the SULT1A1*2 variant likely did not 

substantially bias our observations. 

Residual confounding of our observed associations is not likely because, as 

expected, none of the examined candidate confounders substantially altered the 

association between genotype and recurrence. Another variable that is as strongly 

related to recurrence as those already examined, and also strongly (and causally) 

related to genotype, is unlikely to exist. 

Misclassification of genotype could attenuate associations in some exposure 

categories and give rise to our null observations. However, substantial 

misclassification would be expected to yield a departure from Hardy-Weinberg 

equilibrium proportions, which was not observed in our study. Additionally, 

genotyping data were only included if the assays reported correct results for positive 

and negative controls for each gene variant. 

Outcome misclassification is not likely to explain our results because 

validation of the DBCG register data has shown that breast cancer recurrence is 

measured with high sensitivity and near-perfect specificity.109 Selection bias is also 

highly unlikely because our case and control inclusion criteria are almost certainly 

unrelated to subjects’ genotypes on the two UGTs we examined. 
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Summary 

 We observed no associations between functional polymorphisms in UGT2B7 

and UGT2B15 and the rate of breast cancer recurrence, either among women with 

estrogen receptor-positive tumors who were treated with tamoxifen or women with 

estrogen receptor-negative disease who were not treated with tamoxifen. No 

systematic error plausibly affected our observations. 

 A key limitation of this study is that we have characterized functional 

polymorphisms in only two of the enzymes involved in phase II biotransformation of 

active tamoxifen metabolites, and have not accounted for polymorphisms in other 

(minor) phase II enzymes nor for polymorphisms in the phase I enzymes that 

catalyze formation of the active metabolites (e.g., CYP2D6). For instance, if a 

tamoxifen-treated woman harbored a polymorphism in CYP2D6 that substantially 

reduced the rate at which active metabolites were formed, then the ability to detect a 

clinical effect may also depend upon the rate at which those active metabolites are 

eliminated from the body. Thus, a comprehensive assessment of the major 

metabolic pathways affecting the bioavailability of active tamoxifen metabolites 

would be an advantage over the current design. Statistical methods have recently 

been developed that allow classification of overall phenotypes based upon 

laboratory investigation into the quantitative impact of different metabolic enzyme 

polymorphisms on the in vivo concentration of active drug metabolites.110 

Application of this method to the association between tamoxifen metabolic enzyme 

polymorphisms and breast cancer recurrence must await comprehensive and large-

sample laboratory data on the quantitative effects of phase I and II enzyme 

polymorphisms on active tamoxifen metabolite concentrations. 
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 It is also possible that tamoxifen and its high ER-affinity metabolites are 

present in such molar excess in vivo (with respect to the estrogen receptor) that the 

drug’s effectiveness is invariant to the concentration fluctuations conferred by 

variant phenotypes of the key metabolic enzymes.111 

 
 

Figure 13: Phase I and II biotransformation of tamoxifen. 
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Table 19: Summary of single-nucleotide polymorphisms in key UDP-

glucuronosyltransferase enzymes. 

 

Gene 
Variant 

allele/ SNP 
ID 

Amino 
acid 

change 

Minor allele 
frequency 

Hypothesized 
enzyme 
function 

UGT2B15 *2/ rs1902023 85 D>Y 0.47 a Increased 

UGT2B7 *2/ rs7439366 268 H>Y 0.50 b Reduced 
 

a Reported for Caucasian population PS206125 in the PharmGKB database: 

(http://www.pharmgkb.org/views/reports/loadFrequencyInSampleSets.action?varRpt

Id=133585530&submissionId=PS206125). 
b Reported for Caucasians in the NCBI SNP database: 

http://www.ncbi.nlm.nih.gov/projects/SNP/snp_ref.cgi?rs=7439366. 
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Table 20: Characteristics of breast cancer recurrence cases and matched 

controls according to estrogen receptor/tamoxifen treatment strata. 

 ER+/Tam+ 
n (%) 

ER-/Tam- 
n (%) 

 Cases Controls Cases Controls 

UGT2B15*2 
genotype 

2 normal alleles 
1 variant allele 
2 variant alleles 
(missing) 

 
 

110 
163 
80 
2 

 
 
(31) 
(46) 
(23) 

91
171
97
1

 
 
(25) 
(48) 
(27) 

60
101
52
1

 
 
(28) 
(47) 
(24) 

 
 

66 
90 
48 
2 

 
 
(32) 
(44) 
(24) 

UGT2B7*2 
genotype 

2 normal alleles 
1 variant allele 
2 variant alleles 
(missing) 

 
 

67 
143 
88 
57 

 
 
(22) 
(48) 
(30) 

62
142
96
60

 
 
(21) 
(47) 
(32) 

39
90
56
29

 
 
(21) 
(49) 
(30) 

 
 

37 
86 
51 
32 

 
 
(21) 
(49) 
(29) 

Predicted 
glucuronidation 
phenotype 

normal 
increased 
reduced 
(missing) 

 
 
 

118 
73 

105 
59 

 
 
 
(40) 
(25) 
(35) 

121
75

103
61

 
 
 
(40) 
(25) 
(34) 

80
45
59
30

 
 
 
(43) 
(24) 
(32) 

 
 
 

69 
42 
61 
34 

 
 
 
(40) 
(24) 
(35) 

Diagnosis year† 
1985–1993 
1994–1996 
1997–2001 
(missing) 

 
166 
68 

121 
0 

 
(47) 
(19) 
(34) 

162
69

129
0

 
(45) 
(19) 
(36) 

73
56
85
0

 
(34) 
(26) 
(40) 

 
65 
55 
86 
0 

 
(32) 
(27) 
(42) 

Age at diagnosis 
35–44 
45–55 
55–65 
65–70 
(missing) 

 
7 

75 
184 
89 
0 

 
(2.0)
(21) 
(52) 
(25) 

9
66

186
99
0

 
(2.5)
(18) 
(52) 
(28) 

47
86
58
23
0

 
(22) 
(40) 
(27) 
(11) 

 
42 
71 
60 
33 
0 

 
(20) 
(34) 
(29) 
(16) 

Menopausal status 
at diagnosis† 

pre-menopausal 
post-menopausal 
(missing) 

 
 

21 
334 

0 

 
 
(5.9)
(94) 

23
337

0

 
 
(6.4)
(94) 

85
129

0

 
 
(40) 
(60) 

 
 

83 
123 

0 

 
 
(40) 
(60) 

UICC tumor stage 
at diagnosis† 

stage I 
stage II 
stage III 
(missing) 

 
 

6 
169 
180 

0 

 
 
(1.7)
(48) 
(51) 

5
172
183

0

 
 
(1.4)
(48) 
(51) 

17
107
90
0

 
 
(7.9)
(50) 
(42) 

 
 

16 
110 
80 
0 

 
 
(7.8) 
(53) 
(39) 
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 ER+/Tam+ 
n (%) 

ER-/Tam- 
n (%) 

 Cases Controls Cases Controls 

Surgery type 
breast conserving  
mastectomy 
(missing) 

 
39 

316 
0 

 
(11) 
(89) 

51
309

0

 
(14) 
(86) 

34
179

1

 
(16) 
(84) 

 
41 

165 
0 

 
(20) 
(80) 

Radiation therapy 
yes 
no 
(missing) 

 
120 
235 

0 

 
(34) 
(66) 

125
235

0

 
(35) 
(65) 

90
118

6

 
(43) 
(57) 

 
80 
97 
29 

 
(45) 
(55) 

Tamoxifen protocol 
one year 
two years 
five years 
(missing) 

 
183 
57 

115 
0 

 
(52) 
(16) 
(32) 
 

176
61

123
0

 
(49) 
(17) 
(34) 

N/A N/A 

Systemic adjuvant 
chemotherapy 

yes 
no 
(missing) 

 
 

44 
311 

0 

 
 
(12) 
(88) 

42
318

0

 
 
(12) 
(88) 

178
36
0

 
 
(83) 
(17) 

 
 

129 
77 
0 

 
 
(63) 
(37) 

Estrogen receptor 
expression 

positive 
negative 
not available‡ 
(missing) 

 
 

324 
27 
4 
0 

 
 
(92) 
(7.7)
 

342
13
5
0

 
 
(96) 
(3.7)

50
157

7
0

 
 
(24) 
(76) 

 
 

49 
151 

5 
1 

 
 
(25) 
(76) 

 

† Variable included in risk set sampling to match controls to cases. 

‡ No malignant tissue available for assay or results indeterminate.
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Table 21: Joint distribution of UGT2B15*2 and UGT2B7*2 genotypes [n, (%)], 

with assigned predicted glucuronidation phenotype. 

 

  UGT2B15*2 
(Variant increases elimination of active 

tamoxifen metabolites) 

  

2 normal 
alleles 

1 variant 
allele 

2 variant 
alleles 

2 normal 
alleles 

normal 
71 (7.5) 

increased 
105 (11) 

increased 
27 (2.8) 

1 variant 
allele 

reduced 
142 (15) 

normal 
214 (23) 

increased 
103 (11) 

U
G

T
2B

7*
2

 
(V

ar
ia

n
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d
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s 
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at
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n
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f 
ac

ti
ve

 t
am

o
xi

fe
n
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et

ab
o

lit
es

) 

2 variant 
alleles 

reduced 
63 (6.6) 

reduced 
123 (13) 

normal 
103 (11) 
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Table 22: Associations between single-nucleotide polymorphisms in UDP-

glucuronosyltransferases, overall predicted glucuronidation phenotype, and 

breast cancer recurrence. 

 
Cases/ 

Controls 
Crude OR 
(95% CI)* 

Model 1 OR 
(95% CI)† 

Model 2 OR 
(95% CI)‡ 

ER+/Tam+ 
UGT2B15*2 

2 normal alleles 
1 variant allele 
2 variant alleles 

 
UGT2B7*2 

2 normal alleles 
1 variant allele 
2 variant alleles 

 
Predicted 
glucuronidation 
phenotype 

Normal 
Increased 
Reduced 

 
 
110/ 91 
163/ 171 
80/ 97 
 
 
67/62 
143/ 142 
88/ 96 
 
 
 
 
118/ 121 
73/ 75 
105/ 103 

 
 
1. (reference) 
0.70 (0.47, 1.0) 
0.57 (0.35, 0.91) 
 
 
1. (reference) 
1.0 (0.63, 1.7) 
0.84 (0.49, 1.4) 
 
 
 
 
1. (reference) 
0.97 (0.60, 1.6) 
1.1 (0.70, 1.7) 

 
 
1. (reference) 
0.79 (0.55, 1.1) 
0.68 (0.45, 1.0) 
 
 
1. (reference) 
0.94 (0.62, 1.4) 
0.85 (0.54, 1.3) 
 
 
 
 
1. (reference) 
1.0 (0.67, 1.5) 
1.1 (0.73, 1.5) 

 
 
1. (reference) 
0.86 (0.58, 1.3) 
0.78 (0.50, 1.2) 
 
 
1. (reference) 
0.95 (0.62, 1.4) 
0.87 (0.55, 1.4) 
 
 
 

 
N/A 

ER-/Tam- 
UGT2B15*2 

2 normal alleles 
1 variant allele 
2 variant alleles 

 
UGT2B7*2 

2 normal alleles 
1 variant allele 
2 variant alleles 

 
Predicted 
glucuronidation 
phenotype 

Normal 
Increased 
Reduced 

 
 
60/ 66 
101/ 90 
52/ 48 
 
 
39/ 37 
90/ 86 
56/ 51 
 
 
 
 
80/ 69 
45/ 42 
59/ 61 

 
 
1. (reference) 
1.5 (0.92, 2.5) 
1.5 (0.84, 2.8) 
 
 
1. (reference) 
1.1 (0.54, 2.2) 
1.3 (0.63, 2.6) 
 
 
 
 
1. (reference) 
1.0 (0.54, 2.0) 
0.82 (0.45, 1.5) 

 
 
1. (reference) 
1.2 (0.79, 1.9) 
1.2 (0.71, 2.0) 
 
 
1. (reference) 
1.0 (0.58, 1.7) 
1.1 (0.58, 1.9) 
 
 
 
 
1. (reference) 
0.95 (0.56, 1.6) 
0.85 (0.52, 1.4) 

 
 
1. (reference) 
1.3 (0.81, 2.1) 
1.2 (0.66, 2.1) 
 
 
1. (reference) 
1.0 (0.57, 1.7) 
1.1 (0.59, 2.0) 
 
 
 

 
N/A 

 
* Crude: Conditional logistic regression accounting for all matching factors, with no 

additional independent variables. 

† Model 1: Adjusted for UICC stage and menopausal status at diagnosis. 

‡ Model 2: Adjusted for UICC stage and menopausal status at diagnosis, and mutually for 

UGT2B15*2 or UGT2B7*2 genotype.



101 

Table 23: UGT analyses restricted to strata of subjects with homozygous wild-

type genotype (no variant allele) for complementary UGT. 

 
Cases/ 

Controls 
OR (95% CI)a 

ER+/Tam+ 
UGT2B15*2 
2 normal alleles 
1 variant allele 
2 variant alleles 
 
UGT2B7*2 b 
2 normal alleles 
1 variant allele 
2 variant alleles 

 

 
 
25/ 17 
33/ 35 
8/ 9 
 
 
25/ 17 
46/ 45 
18/ 16 
 

 
 
1. (reference) 
0.67 (0.30, 1.5) 
0.62 (0.19, 2.0) 
 
 
1. (reference) 
0.70 (0.33, 1.5) 
0.77 (0.31, 1.9) 

ER-/Tam- 
UGT2B15*2 
2 normal alleles 
1 variant allele 
2 variant alleles 
 
UGT2B7*2 
2 normal alleles 
1 variant allele 
2 variant alleles 

 
 
15/ 14 
20/ 17 
4/ 6 
 
 
15/ 14 
23/ 18 
14/ 15 

 
 
1. (reference) 
1.1 (0.39, 3.0) 
0.74 (0.15, 3.8) 
 
 
1. (reference) 
0.71 (0.27, 1.9) 
0.81 (0.27, 2.4) 

 
a UGT2B15*2 model restricted to subjects with no variant allele at UGT2B7*2, and 

vice-versa. Models were adjusted for UICC stage and menopausal status at 

diagnosis. 
b Restricted model for UGT2B7*2 in ER+/Tam+ group could not support adjustment 

for stage and menopausal status; results reflect estimates from an unconditional 

model without adjustment for these variables. 
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Table 24: Genotype and minor allele frequencies observed among controls for 

UGT2B15*2 and UGT2B7*2. 

Genotype frequencies, 
observed (expected) a 

Gene 
variant 

2 normal 
alleles 

1 variant 
allele 

2 variant 
alleles 

Minor allele 
frequency 

Hardy-
Weinberg 
P-value b 

UGT2B15*2 157 (147) 261 (281) 145 (135) 0.49 0.09 

UGT2B7*2 99 (96) 228 (235) 147 (144) 0.55 0.54 
 

a Expected values are genotype frequencies predicted under Hardy-Weinberg 

equilibrium. 
b Two-sided p-value (alpha=0.05) from chi-squared test of H0: observed genotypes 

are in Hardy-Weinberg equilibrium.
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CONCLUSIONS 

 The studies comprising this dissertation have addressed three timely 

hypotheses in breast cancer epidemiology. The first study examined the association 

between treatment with the prescription drug digoxin and the incidence of invasive 

breast carcinoma, and was motivated by a growing body of literature that suggested 

a protective role of cardiac glycoside drugs in both cancer incidence and survival. 

We observed a 30% increase in the rate of breast cancer incidence among ever-

users of digoxin compared with never users (OR: 1.30, 95% CI: 1.14, 1.48). The 

magnitude of this association increased directly, though modestly, with duration of 

digoxin exposure (for 1 to 3 years of digoxin exposure, OR: 1.25, 95% CI: 1.03, 

1.52; for 4 to 6 years of digoxin exposure, OR: 1.30, 95% CI: 1.05, 1.61; for 7 to 18 

years of exposure, OR: 1.39, 95% CI: 1.10, 1.74). While the positive association we 

observed was opposite to the association hypothesized by earlier investigators,8-10 

our result was actually corroborated by un-emphasized measurements in earlier 

papers.12, 13, 34 

 The second study used three different strategies to estimate the association 

between treatment with a vitamin K antagonist and the incidence of 24 site-specific 

cancers in a cohort of heart valve recipients with age- and sex-matched non-

recipients. The first approach used a VKA prescription validation subset to estimate 

the drug-cancer associations under known prescription status. The second and third 

approaches expanded follow-up time (enabling collection of more rare cancer 

events to augment the precision of estimated associations) by using heart valve 

replacement history as a proxy variable for exposure to a vitamin K antagonist. The 

second approach treated the heart valve proxy as a misclassified VKA exposure 
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measurement, and we adjusted for misclassification with a probabilistic bias 

analysis parameterized by positive and negative predictive values estimated in the 

prescription validation subset. The third approach treated heart valve replacement 

as an instrumental variable for the VKA/cancer associations which, in addition to 

scaling estimates to adjust for misclassification by the instrument, has the added 

advantage of removing confounding due to known and unknown variables 

(presuming the instrumental variable assumptions are satisfied). All approaches 

showed null estimates between VKA exposure and the rate of breast cancer 

incidence (in the validation subset, breast cancer IRR: 0.9, 95% CI: 0.6, 1.5; in the 

probabilistic bias analysis, breast cancer IRR: 1.3, 95% CI: 1.0, 1.7; in the 

instrumental variable analysis, breast cancer IRR: 1.1, 95% CI: 0.8, 1.4). 

Associations with the other 23 cancer sites were similarly null. Earlier studies had 

indicated potential protective associations between VKA therapy and cancer 

incidence,20, 56 but had also been criticized for having several unaddressed threats 

to their internal validity.49-53 

 The third study examined the association between functional single 

nucleotide polymorphisms in the UDP-glucuronosyl transferase enzymes chiefly 

responsible for the elimination of tamoxifen metabolites with the highest affinity for 

the estrogen receptor. We enrolled breast cancer recurrence cases and matched 

breast cancer controls in two groups: women with estrogen receptor positive 

disease who were treated with tamoxifen (ER+/Tam+), and women with estrogen 

receptor negative disease who were not treated with tamoxifen (ER-/Tam-). Variant 

alleles at the UGT2B15*2 and UGT2B7*2 loci showed null associations with breast 

cancer recurrence in the ER-/Tam- group, so any association seen in the ER+/Tam+ 

group would reasonably be mediated through effects on the tamoxifen pathway, and 
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not reflective of a direct effect of the gene polymorphisms on breast cancer 

recurrence. However, the same variant alleles also showed null associations in the 

ER+/Tam+ group (for 2 variant alleles at UGT2B15*2, OR: 0.68, 95% CI: 0.45, 1.0; 

for 2 variant alleles at UGT2B7*2, OR: 0.85, 95% CI: 0.54, 1.3). These results do 

not support the a priori biological hypothesis that enhanced (or reduced) elimination 

of tamoxifen metabolites increases (or decreases) the rate of breast cancer 

recurrence among tamoxifen-treated women. It may be that an effect of this sort can 

only be detected through comprehensive evaluation of genetic variation in tamoxifen 

metabolic pathways, which may be possible to execute with recently developed 

statistical methods,110 but only after extensive new data on tamoxifen 

pharmacodynamics are added to the existing literature. Another possibility is that 

tamoxifen and its metabolites are present in such excess that their therapeutic effect 

is insensitive to the concentration fluctuations induced by variant metabolic 

enzymes.111 
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