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Abstract

Objective: Oral postmenopausal hormone therapy (HT) has been shown to be associated with 

venous thromboembolism (VTE), but whether this association is modified by VTE-associated 

genetic susceptibility is unknown. We examined interactions between oral HT use and a genetic 

risk score (GRS) of VTE.

Method: Eligible women were postmenopausal women who had data on oral HT use, VTE 

incidence between 1990 and 2012, and genetic data in the Nurses’ Health Study. We built a GRS 

aggregating 16 VTE-related genetic variants. We used Cox regression to estimate associations of 

HT use with incident VTE and assessed interactions between HT use and VTE GRS. We also 
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estimated incidence of VTE between age 50 and 79 years for groups of women defined by HT use 

and VTE GRS.

Results: We identified 432 incident VTE cases. Current HT users were at higher risk of VTE 

than never users (HR: 1.9, 95% CI: 1.5–2.6), with slightly higher risk for estrogen plus progestin 

HT than estrogen only (HR: 2.4 versus 1.9). The GRS was associated with VTE risk (HR 

comparing 4th quartile to 1st: 2.0, 95% CI: 1.2–3.4). We did not observe significant multiplicative 

interactions between HT use and GRS. The estimated VTE risk difference (per 10,000 person-

years) comparing 50-year-old current HT users to never users was 22.5 for women in the highest 

GRS quartile and 9.8 for women in the lowest GRS quartile.

Conclusion: The VTE GRS might inform clinical guidance regarding the balance of risks and 

benefits of HT use, especially among younger women.
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Introduction

Oral hormone therapy (HT) was widely used among postmenopausal women in the late 

20th century.1–3 However, use has declined by 70–80% since 2002, when the Women’s 

Health Initiative (WHI), a large double blinded randomized trial of combined estrogen plus 

progestin, reported health risks exceeding benefits.4–6 One of the reported excess harms 

associated with oral HT was the risk of venous thromboembolic disease (VTE), which has 

consistently been reported in observational studies as a two- to three-fold greater risk.7–10 

Despite the health risks, some women are still prescribed oral HT (e.g., oral estrogen) to 

ameliorate or treat postmenopausal symptoms such as hot flashes or osteoporosis11; for 

example, 42 per 1,000 women aged ≥ 50 were prescribed oral estrogen in 2015.12 In 

2017, the North American Menopause Society issued a HT position statement that different 

HT-related disease risks could be due to different characteristics of HT (e.g., type, duration 

of use, age at first use, and timing of initiation since menopause onset).13

VTE, including both pulmonary embolism (PE) and deep vein thrombosis (DVT), is 

a multifactorial disease associated with a combination of genetic and environmental 

risk factors.14 However, only a few studies have explored gene and environment (G-E) 

interactions for VTE with regard to HT use, and most of these were small case-control 

studies testing well-known candidate genes (e.g., Factor V Leiden, Factor II mutations15) or 

genetic polymorphisms associated with relevant mechanisms (e.g., NFE2L2, CYP genes for 

estrogen metabolism16,17). Although some of the studies observed greater risk of VTE in HT 

users carrying specific genetic mutations, it remains unknown whether overall genetic risk 

modifies the association of HT with VTE risk.

As a large number of genome-wide association studies (GWAS) have identified thousands 

of common genetic polymorphisms associated with human diseases, genetic risk scores 

(GRS) aggregating common risk variants have emerged as useful tools to estimate genetic 

predisposition or detect G-E interactions.18–20 For VTE, eight GWAS based on individuals 

Kim et al. Page 2

Menopause. Author manuscript; available in PMC 2023 January 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of European descent have been published.21–28 GWAS-based GRS have been associated 

with a 40–80% greater risk of VTE per additional risk allele and 1.2~1.5-fold greater risk 

per one standard deviation increment.29–31 However, no quantitative study has assessed the 

interaction effect of the GRS with oral HT use in relation to the risk of VTE.

To untangle the complex interplay between oral HT use and genetic predisposition to VTE, 

we evaluated joint associations and multiplicative interactions between oral HT use and GRS 

in relation to VTE risk among postmenopausal women in a large prospective study. We also 

assessed the joint associations and interactions for PE risk (with or without diagnosed DVT) 

as a secondary outcome. To further examine age-specific impact of HT use and genetic risk 

on VTE, we assessed the disease incidence between age 50 and 79 years by oral HT use and 

GRS groups.

Methods

Study population

Our study included participants in a large prospective population-based cohort, the Nurses’ 

Health Study (NHS). Details of the cohort have been previously described.32 Briefly, the 

NHS began in 1976, recruiting 121,700 female registered nurses aged between 30 and 55 

years in 11 U.S. states. Participants have completed mailed questionnaires biennially to 

update information on lifestyle and medical history. A follow-up rate between 85–90% has 

been maintained since inception. A subset of 32,826 women provided blood samples since 

1989 and another subset of 29,684 women provided buccal cell samples since 2002. All 

cohort participants provided informed consent, and the study protocol was approved by the 

institutional review boards at the Brigham and Women’s Hospital and Harvard T.H. Chan 

School of Public Health.

Eligible participants for this study were postmenopausal women who reported their 

reproductive history (menopausal status, oral HT use, and history of hysterectomy), and 

had information on the presence or absence of incident VTE as well as genotype data 

available. We defined the baseline as 1990, which was the year in which blood samples 

were collected. We excluded participants who had a baseline history of VTE, breast cancer, 

or cardiovascular disease (myocardial infarction or angina), reported any form of current 

HT use at baseline or other routes (transdermal or vaginal) than oral HT administration 

during follow-up, had missing data on age or oral HT use, or returned only the baseline 

questionnaire. Since a majority of NHS participants (Approximately 95%) are of European 

descent, genotyping was performed in women with European ancestry. During the 22-

year follow-up, we censored participants at death, loss to follow-up, or occurrence of 

the outcomes of interest (incident VTE and incident PE). We removed an individual’s 

contribution to person-time from a questionnaire cycle if the woman was pre-menopausal or 

had dubious menopausal status or missing menopausal status data during that questionnaire 

cycle. In result, 8,105 women were included to the analyses of this study.
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Ascertainment of venous thromboembolism

In the NHS, all incident VTE (first event of either PE or DVT) cases were identified 

by self-report by cohort participants on mailed biennial questionnaires. For this analysis, 

we included cases identified between 1990 and 2012. The questionnaire asked about 

physician-diagnosed major diseases since the prior questionnaire, including PE (provoked 

or unprovoked) every two years. Consistent with standard NHS follow-up procedures, cohort 

participants reporting a PE without any previous cancer were asked to confirm self-reports 

and give consent for NHS investigators to access their medical records for confirmation. 

Details about PE cases have been described previously,33 briefly, 56% of included PE cases 

were confirmed by medical record, 18% were reconfirmed by the participant but record 

review was refused or unable to be completed, and the remainder had had a prior diagnosis 

of cancer and were not contacted regarding medical records. Identified DVT cases were 

based on self-report in response to a request for write-in reports of “other major illness” 

and not confirmed by medical record review. However, a previous validation study of 101 

self-reported cases of DVT found that 94% of cases were confirmed by medical record 

review, 2% were probable, and only 4% were not confirmed.34 As a result, in the NHS 

cohort, identified VTE cases were either cases with PE event only or first event of PE (29%) 

or cases with DVT event or first event of DVT (71%).

Assessment of oral HT use and menopausal status

Since cohort inception in 1976, data on HT use has been updated every two years with 

biennial questionnaires that asked whether respondents had taken HT and, if so, for how 

long (number of months) since the previous questionnaire cycle. Participants have reported 

on HT type (estrogen alone or combined estrogen plus progestin) from 1978 and routes 

of HT administration later than that (oral and vaginal from 1982 and transdermal from 

1988). The route of HT was predominantly oral and the formulations were estrogens with 

or without progestin (mostly medroxyprogesterone acetate)35 in the cohort. Participants also 

reported age at menopause and type of menopause (e.g., natural or surgical), which were 

shown to be valid when comparing to medical records.36 In this study, postmenopausal 

women were those who had reported natural menopause, hysterectomy with bilateral 

oophorectomy, or menopause because of whatever reasons such as radiation.

In this study, we used oral HT data collected from the 1990 baseline to 2010 and generated 

time-varying variables for oral HT use. Women were considered as current users if they 

reported current use of oral HT during the follow-up cycle, whereas past users were those 

who reported HT use at any time before but not at the current follow-up cycle. Cumulative 

duration of HT use was calculated by summing the duration of HT use (months) reported 

at each questionnaire cycle. Age at initiation was derived from age at the time in which 

participants reported the first HT use during follow-up, and initiation time of HT use since 

menopause onset was derived by using the calendar time of HT initiation and time of 

menopause. We defined ‘early initiation’ if women were aged < 60 years at HT initiation or 

had the first use within the first 10 years of menopause and ‘late initiation’ if women were 

aged ≥ 60 years at initiation and had the first use ≥ 10 years after menopause onset.37
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Covariates

With the biennial follow-up questionnaires, we obtained information on age, height, 

weight, smoking status, aspirin use, parity, surgical history including hysterectomy and 

oophorectomy, and medical history including diabetes, hypertension, hypercholesterolemia, 

myocardial infarction (MI) or angina, and cancer. Height was reported based on the cohort 

baseline (1976) questionnaire. Information on weight, smoking status, and surgical and 

medical history was updated every 2 years. Using the height and weight, we derived body 

mass index (BMI) by dividing weight in kg by squared height in meters. Aspirin use was 

reported starting in 1980 and parity was assessed from 1976 to 1984 and in 1996. Physical 

activity, as measured in metabolic equivalent of tasks (METs) per week, was assessed in 

1988 and every 4 years since then. Starting in 1980, alcohol use was measured with food 

frequency questionnaires every 4 years. If participants had missing data on any covariate, 

we carried forward responses from the prior questionnaire. If it remained missing in two 

questionnaire cycles (e.g., BMI, physical activity, and alcohol use), then we generated an 

indicator variable for missing data.

Genotyping and calculation of genetic risk score

Genotyping was carried out from 2006 through 2015 using five classes of genotyping arrays 

(Affymetrix 6.0, Illumina HumanHap, Illumina OmniExpress, OncoArray, and HumanCore 

Exome) for 18,499 women in the subsets of the NHS participants who provided either 

a blood or buccal cell sample (N= 14,856 and 3,643, respectively). Detailed information 

on selecting study participants, genotyping, quality control, and imputation have been 

described elsewhere.38 In brief, genotype data were imputed based on 1000 Genome Project 

Phase 3 version 5 haplotypes as reference, with the use of Minimac software (https://

genome.sph.umich.edu/wiki/Minimac). Among imputed single nucleotide polymorphism 

(SNPs), we included SNPs with a minor allele frequency ≥ 5% and high imputation quality 

scores (> 0.8).

For the present study, we constructed a VTE GRS using 16 SNPs identified 

to be associated with VTE risk at a genome-wide significance threshold (p < 

5.0×10−8) from several previously published GWASs of European descent populations 

(Supplementary Table 1).23–28 The 16 SNPs included were rs6025 (F5), rs1018827 (F5), 

rs6427196 (F5), rs16861990 (NME7), rs3756008 (F11), rs4253399 (F11), rs7659024 (FGA-
FGG), rs6536024 (FGG-LRAT), rs2519093 (ABO), rs495828 (ABO), rs687621 (ABO), 

rs78707713 (TSPAN15), rs1799963 (F2), rs2288904 (SLC44A2), and rs6087685 (PROCR). 

The GRS was calculated by summing the number of risk alleles (alleles associated with 

increased risk of VTE in an additive genetic model) of each SNP weighted by SNP-

specific effect sizes (log odds ratios) obtained from GWAS (i.e., GRS = β1×SNP1 + 

β2×SNP2 +…).39 Thus, a higher score indicated a higher genetic predisposition to VTE. 

We standardized the score with mean 0 and standard deviation (SD) 1 and categorized the 

score into three genetic risk groups, ‘low’ (the lowest quartile), ‘intermediate’ (the 2nd and 

3rd quartiles), and ‘high’ (the highest quartile).
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Statistical analysis

Study participants contributed person-time from the baseline (1990) until the date of death, 

loss to follow-up, disease diagnosis (VTE or PE), or the end of follow-up (June 1, 2012), 

whichever came first. To describe characteristics of our study population by oral HT use 

status, we tabulated frequencies and distributions standardized40 to the age distribution of 

the study population at midpoint of follow-up (2000) according to the three HT use status 

groups (i.e., never, past, and current users).

We used multivariable Cox proportional hazards models to estimate hazard ratios (HRs) 

and 95% confidence intervals (CIs) for VTE risk associated with several different measures 

of oral HT use such as HT use status (never, past, or current), HT type (estrogen only 

or estrogen plus progestin), duration of HT use (< 2 or ≥ 2 years), and HT initiation 

(early or late). To estimate comparable relative risks, we chose women who never used oral 

HT as a reference group for all analyses. Covariates included age (months, continuous), 

BMI (kg/m2, continuous), physical activity (METs per week, continuous), alcohol use (g/

day, continuous), smoking (never, former, and current smoker), aspirin use (yes or no), 

parity (none, one, > one), and separate indicators for history of diabetes, hypertension, 

hypercholesterolemia, MI or angina, and cancer, and history of hysterectomy (with or 

without oophorectomy). The HT-related variables and covariates were updated at each 

questionnaire cycle as a time-varying variable. We also examined the associations of VTE 

risk with quartiles of GRS adjusting for the covariates.

We assessed the multivariable-adjusted associations with VTE in the joint categories of 

oral HT use and GRS. We also evaluated multiplicative interactions between oral HT use 

and GRS using a likelihood ratio test that compared the −2 log likelihood of two models 

with and without cross-product interaction terms. We repeated these analyses for PE, our 

secondary outcome, as well.

To compare risk differences of VTE by the oral HT use and GRS effects, we calculated 

incidence rates (IR) of VTE (range of age: 50–59, 60–69, and 70–79) by combining the 

estimated relative risks of oral HT use and GRS with age-specific average IRs of European-

descent individuals in the U.S. population (Supplementary Table 2).41 Using these data, first 

we calculated the baseline incidence for the reference group (women with low GRS who 

never used oral HT) in each age group by dividing the age-specific IRs by the average 

relative risks (i.e., HRs) of all controls (who never had VTE events) in each age group in 

our study. Then, we calculated age-specific VTE incidences for each joint category of oral 

HT use and GRS by multiplying the baseline incidence by the relative risk corresponding to 

the category of the HT use and GRS. To further assess BMI effect on VTE incidences, we 

also calculated age-specific VTE incidences for each join category of oral HT use, GRS, and 

BMI. Additionally, we calculated the number needed to harm (NNH = 1/(IRexp – IRunexp)) 

as an absolute measure of how many individuals need to be exposed to oral hormone therapy 

to cause harm to one person.

All analyses were performed using SAS version 9.3 (SAS Institute Inc. Cary, NC, USA) and 

R version 3.6.3 (R code Team, 2020). A two-sided p-value of 0.05 was used to determine 

statistical significance.
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Results

During 157,043 person-years of follow-up, 432 incident VTE cases (including 178 incident 

PE cases) were identified in this study. Table 1 shows the age-standardized characteristics of 

study participants at midpoint (2000) of the follow-up (1990–2012) according to the three 

categories of oral HT use status. On average, participants were 65 years old, had BMI of 27 

kg/m2, and were 51 years old at the onset of menopause. Women using HT in the past or 

currently have a higher proportion of hysterectomy (26% and 34% as compared to 18% for 

never users). When comparing characteristics of the full cohort (at the midpoint of the cohort 

follow-up [1994]) to those participants with genotype data, we did not observe substantial 

differences in the distributions between the two groups, indicating that selection bias for 

genotyping was unlikely (Supplementary Table 3).

We examined the associations between oral HT use and VTE risk (Table 2). Compared to 

never users, current HT users had 94% greater VTE risk adjusting for all confounders (HR 

= 1.94 [95% CI, 1.45–2.60]). In the multivariable-adjusted model, estrogen-only use was 

associated with 91% greater risk (HR = 1.91 [95% CI, 1.30–2.80]) of VTE and the use of 

estrogen plus progestin was associated with 2.4-fold greater risk of VTE as compared to the 

risk of never users (HR = 2.35 [95% CI, 1.62–3.40]). Initiation of HT at early age or soon 

after menopause onset was related to 38% greater risk of VTE in the multivariable-adjusted 

model. For PE, we found a similar pattern of associations with current HT use and HT type 

(Supplementary Table 4). We also found a greater risk of VTE with increasing GRS (e.g., 

HR = 2.24 [95% CI, 1.33–3.78] for 3rd quartile against 1st quartile of GRS). (Supplementary 

Figure 1).

Figure 1 presents the joint effects and interaction effects between oral HT use and GRS 

groups. The risk of VTE was higher with increasing GRS in most HT-related categories 

of women in the full cohort. In each category, the highest risk of VTE was found among 

women in the highest GRS quartile, together with current HT use (HR = 5.29 [95% CI, 

3.04–9.22]), estrogen plus progestin use (HR = 7.67 [95% CI, 4.07–14.43]), 2+ years of HT 

use (HR = 3.11 [95% CI, 1.95–4.98]), or early initiation (HR = 4.01 [95% CI, 2.42–6.64]) 

(Figure 1; Supplementary Table 5). We also assessed multiplicative interactions between oral 

HT use and GRS, but none of the interactions were statistically significant (all P-interaction 

> 0.1) (Figure 1; Supplementary Table 5). For PE, we found there were similar patterns of 

joint effects and one significant interaction between HT type and GRS (P-interaction = 0.01) 

(Supplementary Table 5).

Furthermore, we evaluated the incidence rates of VTE (per 10,000 person-years) between 

50–79 years of age by oral HT use and GRS groups (Figure 2; Supplementary Table 6). 

Across all age groups (50–59, 60–69, and 70–79), the absolute risk of VTE was highest 

in older women (age 70–79) with a high GRS who used HT currently, estrogen only, 

for ≥ 2 years, or initiated HT early (incidence of VTE = 171.0, 164.3, 110.0, and 130.0, 

respectively). As compared to never HT users with a low GRS (incidence of VTE = 11.5, 

21.7, and 40.1 for 50–59 years, 60–69 years, and 70–79 years, respectively), the risk 

differences (RDs) (per 10,000 person-years) of women with a high GRS and current HT 

use were 37.4 in those aged between 50 and 59 years (incidence = 48.9), 71.0 in those 
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aged 60–69 years (incidence = 92.7), and 130.9 in those aged 70–79 years (incidence = 

171.0). Such increasing RDs with age were also found in women who had a high GRS as 

well as used estrogen only (41.1, 77.7, and 131.9), used HT for ≥ 2 years (19.8, 37.5, and 

68.3), or had early initiation of HT (25.4, 48.2, and 89.2) (Supplementary Table 6). The RDs 

for joint effects of HT-related characteristics (i.e., current use, estrogen only, using HT ≥ 

2 years, and early initiation of HT) and high GRS were greater than the sum of separate 

RDs for each effect of HT use and a high GRS, suggesting supra-additive interaction effects 

of HT use and GRS on VTE risk (e.g., RD for women age 50–59 years with current use 

of HT and high GRS = 37.5; RD for current HT use only = 9.8; RD for high GRS only 

= 14.9). Moreover, these supra-additive interaction effects appeared larger with age (e.g., 

differences in incidence between joint effects of current HT use and high GRS and the sum 

of the individual effects = 12.8 for age 50–59, 24.2 for 60–69, and 44.6 for 70–79). We also 

found that the positive gene-hormone interaction effects increased further with higher BMI 

(Supplementary Table 7).

These RDs (per 10,000 person-years) result in different numbers needed to harm across 

different GRS levels. For example, GRS-specific NNH comparing current HT users to never 

HT users (divided by 10,000) were 0.102 among women aged 50–59 years with a low GRS 

and 0.0444 among women aged 50–59 years with a high GRS. In other words, on average, 

one additional VTE event would be observed among 1,020 50-year-old women in the low 

GRS category taking hormone therapy, while one additional VTE event would be observed 

among 444 50-year-old women in the high GRS category.

Discussion

In our study, using a large prospective cohort of U.S. women, we assessed the main effects 

of oral HT use and its joint effects with a GWAS-based VTE GRS on relative risk and 

absolute risk of VTE. Our findings suggest that there are supra-additive interactions between 

the VTE GRS and current use of HT, using estrogen only or estrogen plus progestin, longer 

duration of HT use (≥ 2 years), and early HT initiation on the absolute risk of VTE, which 

means that women in those categories of HT use who also have a higher genetic risk of VTE 

may have excess risk of the disease beyond the sum of the excess risks of women with only 

one of the two.

In the main effect analyses, we observed that greater risks of VTE were associated with 

current use and types of oral HT, which is consistent with prior evidence on the unfavorable 

effects of current HT use and type (e.g., oral estrogen with or without progestin) on VTE 

risk.42–47 We did not find an association between duration of HT use and VTE, in contrast 

to several observational studies have found a greater incidence of acute VTE events in the 

first 1 or 2 years after initiating HT.48,49 Also, while our study found a higher risk of VTE 

associated with early initiation of HT use as compared to the risk of non-HT users, growing 

evidence supports a “hormone-timing hypothesis” that oral HT could have modest effects 

or even favorable effects on vascular diseases if young postmenopausal women (aged < 60 

years) initiate HT use soon after menopause (e.g., < 5 or 6 years).50–53 For example, a recent 

randomized trial including 643 healthy postmenopausal women found that women who 

initiated HT (oral estrogen with vaginal progestin) within 6 years after menopause had less 
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progression of atherosclerosis than those who initiated 10 or more years after menopause.54 

However, the hypothesis is as yet unsettled for VTE.55

We found elevated risks of VTE due to joint effects of oral HT use and the VTE GRS. 

Although departures from a multiplicative odds ratio model between HT use and VTE GRS 

were not statistically significant, we observed supra-additive interactions where the joint 

effects on absolute VTE risk were larger than the sum of effects of each factor on the risk. 

To date no study has evaluated GRS-hormone interactions on VTE risk; to confirm the 

interaction effects, it will require more studies that examine GRS-HT interactions on both 

additive and multiplicative scales in the future.

Previously, gene-hormone studies for VTE have assessed interactions using a few candidate 

genes. Three case-control studies evaluated the joint effects of oral HT (estrogen with 

or without progestin) with high-risk mutations in candidate genes (e.g., F5, Prothrombin, 

MTHFR, Factor XIII, and PAI-1) on VTE risk.56–58 These studies found carriers of the 

F5 Leiden mutation (rs6025), one of risk variants in our GRS, had an excess risk of VTE 

associated with HT (range of OR = 6.7–25.5), though the interaction effects were not 

directly evaluated. We therefore examined the interaction between the SNP, rs6025, and 

oral HT (use status, type, duration, and early initiation) in the risk of VTE. However, no 

statistically significant multiplicative interaction was found even at a nominal significance 

level (all p-interactions ≥ 0.16) (Supplemental Table 8).

Our study has some limitations. First, due to biennial exposure, transient hormone therapy 

use may not have been captured. As thromboembolic events are likely to occur within 

one year of initiation of HT,7,59 it is possible that there were women who started and 

stopped HT within a single questionnaire cycle because of acute events. Moreover, although 

the majority of incident PE events were confirmed via medical records, the remaining 

thromboembolic events (i.e., DVT events) as well as risk factors were self-reported. Because 

we used risk factor data collected prior to diagnosis in our analyses, differential recall bias 

is unlikely; however, non-differential misclassification in exposures and outcomes may bias 

risk estimates in this study. Third, there is the potential of survival bias, as blood samples of 

cohort participants were collected 14 years after cohort inception. In addition, since cases of 

venous thromboembolism and other complex diseases were oversampled for genotyping38, 

our study participants might not be representative of the whole cohort, although we did 

not observe any substantial differences between our study participants and the full cohort 

participants (Supplementary Table 1). Fifth, to estimate absolute risk of VTE, we used 

age-specific incidence rates of VTE that were not sex-specific. However, this should not bias 

our inferences for the risk in women given that overall disease risk is not different between 

men and women in the general population.60 Sixth, due to limited numbers of participants 

using different HT administrations or formulations, this study did not evaluate interactions 

with other characteristics of HT such as routes of administration (e.g., transdermal therapy, 

which appears to be associated with fewer thromboembolic events than oral estrogen-based 

HT, likely similar to the community-based risk for thrombophilic events)46 or oral estrogen 

doses (e.g., ≤ 0.625 mg or > 0.625 mg). Furthermore, we couldn’t incorporate information 

on family history of VTE, which would help our assessment of genetic risk of VTE, as 

well as details of occupation history, any hospitalization, other medical conditions and 
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medication use (e.g., aspirin dose) because of lack of the data. Our GRS included 16 

GWAS-significant variants, though we acknowledge that there are more genetic variants 

known to increase the risk of VTE. Future analyses that include more variants in a GRS 

may be worthwhile. Lastly, we examined the gene-hormone interactions in middle-aged 

female nurse participants of European ancestry only; thus, our findings may have limited 

generalizability to women with other occupations or other races or ethnicities.

Despite the limitations, strengths of the current study include its setting in a well-defined, 

large prospective cohort of U.S. women and comprehensive inspection of the interaction 

effects between a GWAS-based VTE GRS and characteristics of HT (use status, type, 

duration, and initiation time) on VTE risk. Because we used a GRS that aggregated effects 

of genome-wide significant genetic variants associated with VTE risk, we were able to 

boost our power to detect gene-hormone interactions as compared to previous studies testing 

interactions of single mutations and hormone use. Also, the prospective cohort design 

enabled us to adjust for time-varying effects of confounders that have been collected in a 

uniform manner during 22 years of follow-up.

To reduce the risk of VTE among postmenopausal women considering HT, it is important 

to identify a subgroup of women genetically susceptible to VTE and to understand the 

characteristics of HT that synergistically increase VTE risk. In that context, our results 

suggest that genetically susceptible postmenopausal women may have an excess risk 

due to the joint effects of genetic variants with current HT use, use of oral estrogen 

with or without progestin, long duration of HT use, or early initiation of HT, and that 

excess risk may be differential by age. These results contribute evidence for personalized 

recommendations regarding HT use in postmenopausal women and point to the potential 

utility of genetic information in clinical decision-making and evaluating the benefit-risk 

profile for HT. However, to confirm this finding and make it generalizable to women with 

non-European ancestries, replication in large prospective studies that include women with 

diverse backgrounds should be a priority.

Conclusions

In conclusion, the estimated difference in VTE risk between current and never HT users 

was larger in young postmenopausal women with the highest genetic risk than in young 

postmenopausal women with the lowest genetic risk, suggesting that the VTE GRS could 

inform clinical decisions regarding HT use after menopause.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIG. 1. 
Multivariable-adjusted relative risk of VTE according to joint categories of oral hormone 

therapy use and GRS. All analyses were adjusted for age (in months), BMI (continuous and 

indicator for missing; excluded for the stratified analysis for BMI groups), physical activity 

(continuous and indicator for missing), alcohol use (continuous and indicator for missing), 

smoking, (never, former, or current), current aspirin use (yes or no), parity (none, one, or 

more than one), prevalent diabetes, prevalent hypertension, prevalent hypercholesterolemia, 

prevalent MI/angina, prevalent cancer, and hysterectomy (yes or no). Dots indicate the 

adjusted relative risk (RR) of VTE by joint categories of oral hormone therapy use and GRS. 

In each HT category, the red dot refers to the RR of women in the low GRS group, the blue 

dot refers to the RR of women in the intermediate GRS group, and the purple dot refers to 

the RR of women in the high GRS group. The black line including the dot shows the 95% 

CI of the RR. The reference group (never user) was used for comparing to all the subgroups 
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of oral HT use status, type of oral HT use, duration of HT use, and HT initiation. BMI, 

body mass index; CI, confidence interval; GRS, genetic risk score; HT, hormone therapy; 

MI, myocardial infarction; VTE, venous thromboembolism.

VTE, venous thromboembolism; GRS, genetic risk score; HT, hormone therapy; CI, 

confidence interval.
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FIG. 2. 
Incidence rates of VTE per 10,000 person-years between ages 50 and 79 by oral hormone 

therapy use and genetic risk groups. Age- and GRSspecific VTE incidences were presented 

by (A) oral HT use status, (B) type of HT use, (C) duration of HT use, and (D) HT initiation. 

Each line represents different levels of GRS; the yellow line for the low GRS, the blue line 

for the intermediate GRS, and the red line for the high GRS. BMI, body mass index; GRS, 

genetic risk score; HT, hormone therapy; VTE, venous thromboembolism.

VTE, venous thromboembolism; HT, hormone therapy; PY, person-years; GRS, genetic risk 

score.
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Table 1.

Characteristics of Nurses’ Health Study participants with genetic data according to oral hormone therapy use 

at the midpoint (2000) of follow-up

Oral hormone therapy use

Never users
(n = 3,038)

Past users
(n = 1,368)

Current users
(n = 2,496)

Age (year), mean (SD) 64.7 (6.9) 64.7 (6.9) 64.7 (6.9)

BMI
a
 (kg/m2), mean (SD)

27.7 (5.8) 27.1 (5.7) 26.7 (5.2)

Physical activity
a
, MET-h/wk

17.7 (21.0) 17.2 (19.1) 18.6 (23.1)

Alcohol intake
a
 (g/day), mean (SD)

4.9 (8.9) 5.6 (9.7) 5.5 (9.1)

Smoking
a
, %

 Never 45 44 45

 Former 44 48 49

 Current 10 8 6

Current aspirin use
a
, (yes) %

44 47 49

Parity
a
, %

 None 5 4 4

 One 6 6 6

 More than one 89 90 90

Prevalent diagnosis
a

 Diabetes, % 9 7 6

 Hypertension, % 31 34 36

 Hyperlipidemia, % 35 38 34

 MI or angina, % 1 2 2

 Cancer, % 11 17 3

Hysterectomy
a,b, %

18 26 34

Age at menopause
a
 (year) mean (SD)

50.9 (3.6) 51.2 (3.5) 51.2 (3.4)

Type of menopause
a
, %

 Natural 80 76 72

 Surgical 12 16 22

 Radiation 2 1 0

 Unknown 6 7 6

 GRS
a,c, %

 Low (Quartile 1) 26 25 27

 Intermediate (Quartile 2 and 3) 51 51 49

 High (Quartile 4) 23 25 24

SD, standard deviation; BMI, body mass index; MET, metabolic equivalent task; MI, myocardial infarction; GRS, genetic risk score.

a
All values of mean (SD) and percentages were standardized to the age distribution of study population.

Menopause. Author manuscript; available in PMC 2023 January 10.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Kim et al. Page 19

b
Hysterectomy with or without oophorectomy.

c
GRS was standardized with mean = 0 and SD = 1.
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Table 2.

Associations between oral HT categories and VTE risk

Cases/Person-years
Age-adjusted Multivariable-adjusted

Oral HT HR
a
 (95% CI) HR

b
 (95% CI)

HT use status

Never user 168/67962 1.00 (Ref.) 1.00 (Ref.)

Past user 173/61340 0.93 (0.75–1.16) 0.90 (0.72–1.12)

Current user 91/27740 1.87 (1.41–2.48) 1.94 (1.45–2.60)

HT type

Never user 168/67962 1.00 (Ref.) 1.00 (Ref.)

Estrogen only
c 42/10010 2.19 (1.54–3.11) 1.91 (1.30–2.80)

Estrogen + Progestin
c 46/15205 1.90 (1.32–2.73) 2.35 (1.62–3.40)

Duration of HT use

Never user 168/67962 1.00 (Ref.) 1.00 (Ref.)

< 2 years 67/26405 1.03 (0.78–1.38) 1.00 (0.75–1.33)

2+ years 197/62675 1.16 (0.94–1.44) 1.13 (0.90–1.41)

HT initiation
d

Never user 168/67962 1.00 (Ref.) 1.00 (Ref.)

Early initiation 140/48007 1.40 (1.08–1.82) 1.38 (1.06–1.81)

Late initiation 124/41074 0.95 (0.75–1.21) 0.91 (0.71–1.16)

HT, hormone therapy; VTE, venous thromboembolism; HR, hazard ratio; CI, confidence interval.

a
Age-adjusted model: adjusting for age (in months).

b
Multivariable-adjusted model: adjusting for age (in months), physical activity (continuous and indicator for missing), alcohol use (continuous and 

indicator for missing), smoking (never, former, or current), current aspirin use (yes or no), parity (none, one, or more than one), prevalent diabetes, 
prevalent hypertension, prevalent hypercholesterolemia, prevalent MI/angina, prevalent cancer, hysterectomy (yes or no), and BMI (continuous and 
indicator for missing).

c
Only among current HT users.

d
We defined ‘early initiation’ if women were aged < 60 years at HT initiation or had the first use within the first 10 years of menopause and ‘late 

initiation’ if women were aged ≥ 60 years at initiation and had the first use ≥ 10 years after menopause onset.
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