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BACKGROUND Radiation therapy (RT) for breast cancer increases risk of coronary artery disease (CAD).
Women treated for left- vs right-sided breast cancer receive greater heart radiation exposure, which may further increase

this risk. The risk of radiation-associated CAD specifically among younger breast cancer survivors is not well defined.
OBJECTIVES The purpose of this study was to report CAD risk among participants in the Women’s Environ-
mental Cancer and Radiation Epidemiology Study.
METHODS A total of 1,583 women who were <55 years of age when diagnosed with breast cancer between
1985 and 2008 completed a cardiovascular health questionnaire. Risk of radiation-associated CAD was evaluated by

comparing women treated with left-sided RT with women treated with right-sided RT using multivariable Cox propor-

tional hazards models. Effect modification by treatment and cardiovascular risk factors was examined.
RESULTS In total, 517 women who did not receive RT and 94 women who had a pre-existing cardiovascular
disease diagnosis were excluded, leaving 972 women eligible for analysis. Their median follow-up time was 14 years

(range 1-29 years). The 27.5-year cumulative incidences of CAD for women receiving left- vs right-sided RT were 10.5%

and 5.8%, respectively (P ¼ 0.010). The corresponding HR of CAD for left- vs right-sided RT in the multivariable Cox

model was 2.5 (95% CI: 1.3-4.7). There was no statistically significant effect modification by any factor evaluated.
CONCLUSIONS Youngwomen treatedwithRTfor left-sidedbreast cancerhadover twice the riskofCADcompared
withwomen treated with RT for right-sided breast cancer. Laterality of RT is independently associated with an increased risk of

CAD and should be considered in survivorship care of younger breast cancer patients. (J Am Coll Cardiol CardioOnc

2021;3:381–392) © 2021 The Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation.
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B reast cancer is the most common
invasive nonskin cancer among
women in the United States (1). The

10-year survival rate for women diagnosed
before age 50 years is 93.4% among those
with stage I disease and 76.1% among those
with stage II disease (2). In 2021, an estimated
281,000 breast cancers will be diagnosed (1), and
currently, 47% of women with stage I or II disease
receive radiation therapy (RT) as part of breast-
conserving therapy (3). However, RT has subsequent
adverse effects on cardiovascular health. The radia-
tion effects on the heart are approximately propor-
tional to the mean radiation dose received to the
heart, which is 3.7 Gy greater on average for
left-sided compared with right-sided breast tumors
(4).

Recent studies have suggested that irradiation
of specific heart structures, along with the presence
of cardiovascular risk factors, are important de-
terminants of future radiation-induced cardiovascu-
lar disease (5,6). Prior studies, which have primarily
focused on older populations (median diagnosis age
>50 years), have shown that RT to the left breast
is associated with a greater risk of developing car-
diovascular disease, such as nonfatal myocardial
infarction, valvular disease, and ischemic heart
disease (4,7-12). Additionally, radiation-associated
cardiovascular disease has a latency of at least 5
years (13), requiring long-term follow-up of large
numbers of breast cancer survivors to assess subse-
quent cardiovascular disease events. It is not estab-
lished whether younger women receiving left-sided
RT have a clinically significant increased risk of
cardiovascular disease.

Adjuvant treatments for breast cancer, such as
chemotherapy and hormone therapy, may interact
with RT to further increase the risk of cardiovascular
disease; anthracycline chemotherapy in combination
with left-sided RT may further increase the risk of
cardiovascular disease (14), whereas hormone ther-
apy has shown no such interaction (8,15). Further
assessment of the potential impact of these treat-
ments in addition to RT on the risk of cardiovascular
disease is needed.
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Here, we report results from the WECARE
(Women’s Environmental Cancer and Radiation
Epidemiology) Follow-Up Study of self-reported
incident cardiovascular disease. The WECARE Study
is a population-based case-control study of women
with contralateral and unilateral breast cancer where
the first breast cancer was diagnosed before age 55
years. The WECARE Follow-Up Study was designed to
assess late effects of treatment, including nonfatal
incident cardiovascular disease following RT. We
estimated the risk of RT-associated coronary artery
disease (CAD) by comparing women receiving left- vs
right-sided RT for breast cancer. In addition, we
examined whether cardiovascular disease-associated
lifestyle and treatment factors modified the associa-
tion between RT and CAD risk.

METHODS

STUDY POPULATION. The WECARE Study is a
population-based study of women diagnosed with
stage I or II invasive breast cancer before 55 years of
age between 1985 and 2008. Recruitment and data
collection for the WECARE Study were conducted in 2
phases, the WECARE I Study (2001-2004) and the
WECARE II Study (2009-2012) (16,17). As part of the
WECARE Study phases I and II, epidemiological
risk factors, treatment details, laterality of RT, and
tumor characteristics were determined by telephone
interviews using structured questionnaires and
detailed medical record abstraction (16,18).

The third phase, the WECARE Follow-Up Study,
ascertained nonfatal incident cardiovascular disease
events occurring after treatment. Living women
recruited from 5 of the participating population-
based cancer registries (3 from the U.S., 1 each from
Canada and Denmark) were recontacted by study
staff between 2013 and 2015 to identify cardiovascular
disease events occurring before and since their breast
cancer diagnosis. The study protocol was approved
for participant recruitment by the Institutional
Review Board at the University of Iowa (Iowa), the
Cancer Prevention Institute of California (California),
and the Fred Hutchinson Cancer Research Center
(Seattle, Washington); the ethics committees at
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FIGURE 1 Selection of Participants

Participants were selected from the WECARE (Women’s Environmental Cancer and Ra-

diation Epidemiology) Study phases I and II. Participants must have been living at the

time of the follow-up survey.
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Mount Sinai Hospital (Ontario) and the Danish Cancer
Society (Denmark); as well as the ethical committee
system in Denmark. All other WECARE Study sites not
involved in this study also received Institutional Re-
view Board approval.

Participants completed the Follow-Up Study
questionnaire either by mail or by structured tele-
phone interview with study staff. Participants pro-
vided the age at which a doctor diagnosed them with
cardiovascular disease (cardiomyopathy, myocardial
infarction, coronary heart disease, angina pectoris
requiring medication, arrhythmia, stiff or leaking
heart valves), or the age at which they received any
heart surgery. In addition to the cardiac diagnoses,
participants reported the age at which they were
diagnosed with a new primary cancer, breast cancer
recurrence, or breast cancer metastasis, and their
age at the time of the follow-up questionnaire.
Participants also reported updated lifestyle risk
factors, such as former or current smoking history.
Self-reported events for the cardiovascular diagnoses
were not confirmed by medical record review. How-
ever, a previously reported substudy of Danish
WECARE Study participants was conducted to
examine concordance of self-reported cardiovascular
diseases with the National Patient Register (19).

Of the 2,342 potentially eligible women who were
recontacted, 1,583 (68%) completed the standardized
follow-up questionnaire; 454 (19%) declined to
participate in the WECARE Follow-Up Study, and 305
(13%) did not participate for other reasons (eg, were
unable to complete the questionnaire in a timely
manner). After excluding women who did not receive
RT and women who had a personal history of car-
diovascular disease or heart surgery before breast
cancer diagnosis, the final study size was 972 women
(Figure 1).

STATISTICAL METHODS. Similar to previous studies,
we restricted the analysis to participants receiving RT
for their breast cancer treatment (20). Incident CAD
was the cardiac event of interest, defined as the first
diagnosis of myocardial infarction, coronary heart
disease, or angina pectoris requiring medication.
Participants were followed from breast cancer diag-
nosis until a diagnosis of CAD, with censoring at the
earliest diagnosis of the following: 1) second primary
contralateral breast cancer; 2) breast cancer recur-
rence or metastasis; 3) other primary cancer; or 4) end
of follow-up at third phase interview. A participant’s
follow-up time was defined as the time from breast
cancer diagnosis until the first occurrence of a CAD
event or censoring. The exposure of interest was left-
vs right-sided treatment with RT for breast cancer.
The overall follow-up time was compared between
women with left- vs right-sided RT using the log-rank
test, and the difference in cumulative incidence of
CAD for women receiving left- vs right-sided RT was
tested using the Fine and Gray method (21).

We used multivariable Cox proportional hazards
models to estimate the association between left-sided
RT and incident CAD using a cause-specific hazard
function in the presence of competing risks



TABLE 1 Participant Characteristics Stratified by Laterality of

Breast Cancer in the WECARE Study

Right
(n ¼ 466)

Left
(n ¼ 506)

Age at breast cancer diagnosis, y 46 (28-54) 46 (25-54)

Length of follow-up time,a y 14.00 (1-29) 14.00 (1-29)

Race/ethnicity

Non-Hispanic white 412 (88) 456 (90)

Hispanic white 24 (5) 26 (5)

Black 15 (3) 13 (3)

Asian 15 (3) 11 (2)

Stage of breast cancer

Stage I 306 (66) 321 (64)

Stage II 158 (34) 178 (35)

Unknown 2 (0) 7 (1)

Year of breast cancer diagnosis

1985-1989 56 (12) 67 (13)

1990-1994 162 (35) 168 (33)

1995-1999 153 (33) 164 (32)

2000-2004 91 (20) 86 (17)

2004-2008 4 (1) 21 (4)

Chemotherapy for breast cancer

Yes 278 (60) 302 (60)

No 187 (40) 204 (40)

Anthracycline for breast cancer

Yes 139 (30) 150 (30)

No 327 (70) 356 (70)

Hormone therapy for breast cancer

Yes 206 (44) 221 (44)

No 260 (56) 285 (56)

BMI at breast cancer diagnosis, kg/m2

Underweight (<18.5) 13 (3) 15 (3)

Normal weight (18.5-24.9) 292 (63) 310 (61)

Overweight (25-29.9) 99 (21) 122 (24)

Obese ($30) 62 (13) 59 (12)

Lifetime smoking history

Ever 175 (38) 215 (42)

Never 291 (62) 291 (58)

Hypertension before breast cancer

Yes 50 (11) 43 (9)

No 416 (89) 463 (91)

Hypercholesterolemia before breast cancer

Yes 22 (5) 29 (6)

No 444 (95) 477 (94)

Recruitment site

Californiab 163 (35) 168 (33)

Denmarkc 110 (24) 115 (23)

Iowad 65 (14) 73 (14)

Ontarioe 49 (11) 57 (11)

Seattlef 79 (17) 93 (18)

Values are median (range) or n (%). aA woman’s follow-up time began at the time
of breast cancer diagnosis to the first to occur among the following: the diagnosis
of a new primary cancer, the recurrence or metastasis of breast cancer, the
diagnosis of coronary artery disease, or time of the follow-up survey. bSacramento
and Sierra Cancer Registries, The Cancer Surveillance Program of Orange County/
San Diego, Greater San Francisco Bay Area Cancer Registry, Los Angeles County
Cancer Surveillance Program. cThe Danish Breast Cancer Cooperative Group
Database, supplemented by the Danish Cancer Registry. dThe State Health Reg-
istry of Iowa. eThe Ontario Cancer Registry. fCancer Surveillance System of the
Fred Hutchinson Cancer Research Center.

WECARE ¼ Women’s Environmental Cancer and Radiation Epidemiology.
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(censoring due to cancer). Given that the laterality of
breast cancer, and therefore the allocation of expo-
sure (left- vs right-sided RT), is independent of car-
diovascular risk factors, there were no anticipated
confounders of the association between risk of CAD
and left-sided RT (20). However, to account for
possible selection bias incurred in the recruitment of
each WECARE Study phase, and any temporal
changes to RT treatment protocols, we adjusted for
matching factors used in the WECARE Study design
(age in years at breast cancer diagnosis, recruitment
site, race/ethnicity, and WECARE Study phase) in the
Cox proportional hazards models. Allowing for dif-
ferences in delivery techniques and field design, the
average radiation dose to the treated breast was 55 Gy
(range 45-65 Gy), which did not differ by laterality.

We estimated HRs and corresponding 95% CIs for
left-sided RT compared with right-sided RT in
multivariable-adjusted Cox models. We evaluated
effect modification by baseline lifestyle and cardio-
vascular risk factors on the association between RT
and CAD by stratifying individual models by modi-
fiers of interest (age at breast cancer diagnosis, year of
breast cancer diagnosis, smoking history, body mass
index [BMI] at breast cancer diagnosis, pre-existing
hypertension or hypercholesterolemia at breast can-
cer diagnosis, adjuvant treatments received for breast
cancer), and testing for heterogeneity of left-sided RT
associations with CAD between strata. The propor-
tional hazards assumption was confirmed by testing
the linearity of Martingale residuals (22).

To evaluate the possible effect of internal mam-
mary chain node radiation on CAD, we conducted a
sensitivity analysis by restricting the results of the
overall model to women with stage I breast cancer
(for whom it was unlikely that a separate RT field was
used to irradiate the internal mammary chain nodes)
(23). To examine whether adjusting for study phase
within the models was sufficient to control for any
differences in breast cancer treatment protocols over
time, an additional sensitivity analysis was conduct-
ed by substituting WECARE Study phase with year of
breast cancer diagnosis in the overall model. Statis-
tical tests were considered significant at P < 0.050,
and all regression analyses were conducted using SAS
Studio version 3.8 (SAS Institute Inc). Cumulative
incidence analysis and graph generation were con-
ducted using R version 4.0.4 (The R Foundation for
Statistical Computing).

RESULTS

DISTRIBUTION OF RISK FACTORS AND CAD

OUTCOMES. In general, clinical and lifestyle factors



TABLE 2 Event-Free Survival for CAD Diagnosis Among Women Receiving RT in the WECARE Study

Follow-Up Timea

Interval, y
Laterality of
Breast Cancer

Participants
Entering Interval, n

Participants With
Event During Interval, n

Proportion of
Event-Free Survival

0 Left 506 0 1.00

Right 466 0 1.00

1-4.9 Left 506 3 0.99

Right 466 1 0.99

5-9.9 Left 448 10 0.97

Right 414 3 0.99

10-14.9 Left 336 9 0.94

Right 335 4 0.98

15-19.9 Left 224 8 0.90

Right 219 5 0.95

20-24.9 Left 117 0 0.90

Right 119 1 0.94

25-29 Left 30 2 0.83

Right 30 0 0.94

aA woman’s follow-up time is defined as the time from breast cancer diagnosis to the first to occur among the following: a new primary cancer, breast cancer recurrence/
metastasis, diagnosis of coronary artery disease, or time of the follow-up survey.

CAD ¼ coronary artery disease; RT ¼ radiation therapy; WECARE ¼ Women’s Environmental Cancer and Radiation Epidemiology

J A C C : C A R D I O O N C O L O G Y , V O L . 3 , N O . 3 , 2 0 2 1 Carlson et al
S E P T E M B E R 2 0 2 1 : 3 8 1 – 3 9 2 Heart Disease After Breast Cancer Irradiation

385
were equally distributed between women receiving
left-sided RT (48% of women) compared with
women receiving right-sided RT (52% of women)
(Table 1). The median age of breast cancer diag-
nosis was 46 years, and the median length of
FIGURE 2 Event-Free Survival Probability of Coronary Artery Disea

Young women under age 55 years receiving left-sided radiation therapy

up time than women receiving right-sided RT for breast cancer (P ¼ 0.0
follow-up was 14 years (range 1-29 years). Over
60% of participants received their breast cancer
diagnosis between 1990 and 1999. Participants who
completed the WECARE Study Follow-Up ques-
tionnaire did not differ from nonresponders
se

(RT) for breast cancer had a statistically significantly shorter follow-

1).



TABLE 3 Associations Between Left- vs Right-Sided RT for Breast Cancer and CAD, Stratified by Lifestyle Factors

Laterality of RT N Total Cardiac Events HRa (95% CI) P Value for Heterogeneity

Overallb Right 466 14 Reference

Left 506 32 2.5 (1.3-4.7)

Age at breast cancer diagnosis, y

<45 Right 182 7 Reference 0.24

Left 214 11 1.6 (0.6-4.2)

45-54 Right 284 7 Reference

Left 292 21 3.5 (1.5-8.3)

Lifetime smoking history

Ever Right 175 8 Reference 0.53

Left 215 16 1.7 (0.7-4.0)

Never Right 291 6 Reference

Left 291 16 3.3 (1.3-8.6)

BMI at breast cancer diagnosis, kg/m2

<25 Right 305 8 Reference 0.77

Left 325 16 2.4 (1.0-5.6)

$25 Right 161 6 Reference

Left 181 16 2.8 (1.1-7.3)

Prior history of hypertension

Present Right 50 3 Reference 0.94

Left 43 5 5.2 (0.9-28.3)

Absent Right 416 11 Reference

Left 463 27 2.6 (1.3-5.2)

Prior history of hypercholesterolemia

Present Right 22 2 Reference 0.67

Left 29 6 17.6 (1.7-187.7)

Absent Right 444 12 Reference

Left 477 26 2.3 (1.2-4.6)

Any pre-existing risk factorc

Present Right 208 10 Reference 0.66

Left 255 22 2.1 (0.9-4.4)

Absent Right 258 4 Reference

Left 251 10 3.7 (1.1-12.2)

2 or 3 pre-existing risk factorsc

Present Right 34 3 Reference 0.45

Left 25 5 3.2 (0.3-30.9)

Absent Right 432 11 Reference

Left 481 27 2.5 (1.2-5.1)

Year of breast cancer diagnosis

1985-1999 Right 371 12 Reference 0.93

Left 399 28 2.5 (1.2-4.9)

2000-2008 Right 95 2 Reference

Left 107 4 2.3 (0.4-12.6)

Follow-up time, yd

1-4.9 Right 51 1 Reference 0.94

Left 58 3 2.5 (0.2-26.8)

$5 Right 415 13 Reference

Left 448 29 2.5 (1.3-4.9)

aHRs and 95% CIs are estimated in Cox proportional hazards regression. bModel is adjusted for age at breast cancer diagnosis, race/ethnicity, recruitment site, and WECARE
Study phase. Participants were censored at age of diagnosis of a new primary cancer, breast cancer recurrence/metastasis, or the time of the cardiac survey. cPre-existing risk
factors include ever smoking history, prior hypertension, and prior hypercholesterolemia. dA woman’s follow-up time is defined as the time from breast cancer diagnosis to the
first to occur among the following: a new primary cancer, breast cancer recurrence/metastasis, diagnosis of coronary artery disease, or time of the follow-up survey.

BMI ¼ body mass index; CAD ¼ coronary artery disease; RT ¼ radiation therapy.
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regarding age at breast cancer diagnosis, stage
of breast cancer diagnosis, laterality of breast
cancer, or receipt of RT for breast cancer
(Supplemental Table 1).
Table 2 shows the event-free survival for CAD in 5-
year increments, stratified by laterality. Participants
with right- or left-sided RT had equal event-free
survival proportions for CAD before 5 years of

https://doi.org/10.1016/j.jaccao.2021.07.008


TABLE 4 Treatment Factors and Associations Between Left- Versus Right-Sided RT for Breast Cancer and CAD

Laterality of RT N Total Cardiac Events HRa (95% CI) P Value for Heterogeneity

Chemotherapy exposure

Yes Right 279 6 Reference 0.62

Left 302 16 3.3 (1.3-8.5)

No Right 187 8 Reference

Left 204 16 2.1 (0.9-5.0)

Hormone exposure

Yes Right 206 6 Reference 0.69

Left 221 16 2.5 (0.9-6.5)

No Right 260 8 Reference

Left 285 16 2.3 (0.9-5.4)

Anthracycline exposure

Yes Right 139 4 Reference 0.66

Left 150 8 1.9 (0.6-6.5)

No Right 327 10 Reference

Left 356 24 2.6 (1.2-5.4)

aHRs and 95% CIs are estimated in Cox proportional hazards regression model adjusted for age at breast cancer diagnosis, race/ethnicity, recruitment site, and WECARE Study
phase.

Abbreviations as in Table 3.
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follow-up (0.99), and participants with left-sided RT
had a smaller event-free survival proportion for CAD
at each subsequent time interval after 5 years of
follow-up (P ¼ 0.010) (Figure 2). A total of 46 partic-
ipants reported a CAD diagnosis, and 91% of CAD di-
agnoses occurred more than 5 years after treatment
with RT. The overall 27.5-year cumulative incidence
of CAD for women who received left-sided RT was
10.5% (95% CI: 7.1-14.7), and the overall 27.5-year
cumulative incidence of CAD for women who
received right-sided RT was 5.8% (95% CI: 3.2-9.6)
(P ¼ 0.010) (Supplemental Figure 1). For women
diagnosed with breast cancer at ages 25-39 years, the
27.5-year cumulative incidences of CAD were 5.9% for
women receiving left-sided RT and 0% for women
receiving right-sided RT; for women diagnosed with
breast cancer at ages 40-54 years, the 27.5-year cu-
mulative incidences of CAD were 18.7% for women
receiving left-sided RT and 6.8% for women receiving
right-sided RT. The absolute rate of CAD among
women treated with left-sided RT was 4.7 events per
1,000 person-years, whereas the absolute rate of CAD
among women treated with right-sided RT was 2.1
events per 1,000 person-years, conferring an absolute
rate difference of 2.6 events per 1,000 person-years.

MULTIVARIABLE-ADJUSTED RISK OF CAD. Women
receiving left-sided RT had greater risk of CAD
compared with women receiving right-sided RT in the
multivariable model (HR: 2.5; 95% CI: 1.3-4.7)
(Table 3). We also report the association between CAD
risk and left-sided RT stratified by baseline risk fac-
tors. None of the interactions by the baseline risk
factors reached statistical significance. Never
smokers showed an increased risk of CAD associated
with left-sided RT (HR: 3.3; 95% CI: 1.3-8.6) whereas
for former or current smokers, there was no statisti-
cally significant association between RT laterality and
CAD (HR: 1.7; 95% CI: 0.7-4.0; P for
heterogeneity ¼ 0.53). Women with a BMI $25 kg/m2

at breast cancer diagnosis had increased risk of
CAD associated with left-sided RT (HR: 2.8; 95% CI:
1.1-7.3), and a similar association was observed
among those with a BMI <25 kg/m2 (HR: 2.4; 95% CI:
1.0-5.6; P for heterogeneity ¼ 0.77). Given the low
number of events among participants with pre-
existing conditions, we combined the cardiovascular
risk factors of smoking history, prior hypertension,
and prior hypercholesterolemia into 1 group, consid-
ering the presence of at least 1 risk factor. Stratifica-
tion by this combined grouping of pre-existing
cardiovascular risk factors likewise did not reveal a
statistically significant effect modification of the as-
sociation between left-sided RT and CAD (p for
heterogeneity ¼ 0.66). Stratification by presence or
absence of 2 or more of these risk factors also did
not reveal statistically significant effect modification
on the multiplicative or additive scale of the associ-
ation between left-sided RT and CAD (P for
heterogeneity ¼ 0.45; 95% CI for relative excess risk
due to interaction: –0.8 to 7.5).

CAD risk was not significantly modified by
receipt of chemotherapy, hormone therapy for breast
cancer, or anthracycline exposure (all P for hetero-
geneity >0.05) (Table 4). Among women who
received chemotherapy, there was a statistically

https://doi.org/10.1016/j.jaccao.2021.07.008


CENTRAL ILLUSTRATION CAD After RT for Breast Cancer: The WECARE Study

Carlson, L.E. et al. J Am Coll Cardiol CardioOnc. 2021;3(3):381–392.

Women <55 years of age at breast cancer diagnosis who were participants in the WECARE (Women’s Environmental and Radiation Epide-

miology) Study were surveyed for coronary artery disease (CAD) outcomes following radiation therapy (RT). Participants were followed from

the time of their breast cancer diagnosis until a CAD diagnosis or censoring event. Women who received left-sided RT were at more than twice

the risk of a CAD event than women who received right-sided RT.

Carlson et al J A C C : C A R D I O O N C O L O G Y , V O L . 3 , N O . 3 , 2 0 2 1

Heart Disease After Breast Cancer Irradiation S E P T E M B E R 2 0 2 1 : 3 8 1 – 3 9 2

388



J A C C : C A R D I O O N C O L O G Y , V O L . 3 , N O . 3 , 2 0 2 1 Carlson et al
S E P T E M B E R 2 0 2 1 : 3 8 1 – 3 9 2 Heart Disease After Breast Cancer Irradiation

389
significant association between RT laterality and CAD
(HR: 3.3; 95% CI: 1.3-8.5), whereas among women who
did not receive chemotherapy, the association was
nonsignificant (HR: 2.1; 95% CI: 0.9-5.0; P for
heterogeneity ¼ 0.62).

Restricting the model to women with stage I breast
cancer showed that the association between left-
sided RT and risk of CAD was similar to the overall
model (HR: 2.8; 95% CI: 1.3-6.1). Adjusting for year of
breast cancer diagnosis rather than WECARE Study
phase in the overall multivariable model showed that
the association was also similar to the overall model
(HR: 2.4; 95% CI: 1.3-4.6).

DISCUSSION

This study shows that women receiving RT for left-
sided breast cancer between 25 and 54 years of age
and followed for a median of 14 years were more
likely to experience subsequent CAD than women
receiving RT for right-sided breast cancer (Central
Illustration). Only 9% of CAD diagnoses were re-
ported within the first 5 years of follow-up, support-
ing the need for long-term follow-up of younger
breast cancer survivors to identify late cardiovascular
disease as a result of RT. In the US population be-
tween 2015 and 2018, the risk of coronary heart dis-
ease among women aged 20-39 years was 0.9%, and
among women aged 40-59 years the risk was 6.6%
(24). For comparison, in our study, the risk of CAD
among women who received right-sided RT is similar
to that of the general population within similar age
groups (0% for women between 25-39 years of age
and 5.9% for women between 40-54 years of age, over
27.5 years of follow-up).

Our results add to the growing body of published
reports suggesting that left-sided RT is an indepen-
dent predictor of future cardiovascular disease risk
(4,7-12). In this study, we assessed incident CAD
events among younger survivors (<55 years of age) of
breast cancer, whom prior studies have not specif-
ically evaluated. In addition, although most previous
work relied on retrospective medical record reviews
(4,7,9-12), we prospectively surveyed a cohort of well-
characterized breast cancer survivors for cardiovas-
cular disease. Moreover, we are the first to evaluate
detailed epidemiological and clinical information
including BMI and smoking history as possible effect
modifiers of radiation-associated cardiovascular
disease.

Results of previous studies assessing the relation-
ship between laterality of RT for breast cancer and
cardiovascular disease have been inconsistent.
Several studies found no evidence of a relationship
between left-sided RT and cardiovascular disease risk
(14,15,25), whereas others reported associations with
varying effect sizes. A retrospective medical record
review of 961 American women between 24 and 89
years of age with early-stage breast cancer and similar
median follow-up time (12 years) showed an unad-
justed association between left-sided RT and CAD
that was similar to our study (incidence ratio: 2.7;
95% CI: 1.7-4.5) (7). Two large cancer registry-based
studies of Scandinavian women drawing from
similar registries (n > 19,000) reported small (inci-
dence rate ratio <1.2), but statistically significant as-
sociations between left-sided RT and risk of broadly
defined heart disease. The first study of 34,825
women assessed from the Danish Breast Cancer
Cooperative Group and Stockholm and Umeå Breast
Cancer Care Programs found an increased risk of
ischemic heart disease after left-sided compared with
right-sided RT for breast cancer (incidence rate ratio:
1.18; 95% CI: 1.07-1.30) (8), whereas the second study,
assessing 19,464 women from the Danish Breast
Cancer Cooperative Group only, also found an
increased risk of heart disease in women treated with
left- vs right-sided RT (incidence rate ratio: 1.10; 95%
CI: 1.03-1.20) (10). The differences in magnitude of
effect, or the finding of no statistically significant
effect, between previously conducted studies and our
study may be caused by differing ages at RT or
differing follow-up times, variations in the definition
of cardiovascular events, or country-specific differ-
ences in cardiovascular disease incidence rates and
RT treatment doses over time. Despite these differ-
ences, there is evidence of an effect of treatment
laterality on CAD risk among breast cancer survivors.
Our study adds important information about CAD risk
specifically among relatively young women receiving
RT for breast cancer after controlling for clinical and
lifestyle factors.

A previous study of 70,209 women followed for a
median of 8.8 years found that when restricting the
analysis to those diagnosed with breast cancer before
age 50 years, the risk of a left- vs right-sided RT-
associated cardiovascular event (subdistribution HR:
1.48; 95% CI: 1.07-2.04) was higher than the risk of a
left- vs right-sided RT-associated cardiovascular
event among women of all ages included in the study
(subdistribution HR: 1.19; 95% CI: 1.04-1.36) (12).
However, this study did not test heterogeneity of
effects with women over 50 years of age. We did not
find a statistically significant difference in the risk of
CAD between participants 45-54 years of age and
those below 45 years of age. However, the age dis-
tribution of participants in the WECARE Study is
markedly younger than most studies of breast cancer
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survivors, confirming the importance of CAD risk
assessment for women diagnosed with breast cancer
under 55 years of age. Additionally, women in our
study under 45 years of age at breast cancer diagnosis
may require even longer follow-up to fully assess the
risk of cardiovascular disease.

We did not observe effect modification by hormone
therapy on the relationship between RT laterality and
CAD risk. The absence of effect modification by hor-
mone therapy confirms the results of previous studies,
which showed no modification of heart disease risk by
hormone exposure combined with RT (8,15).

The absence of radiation effect modification by
anthracycline chemotherapy in this study contributes
to the equivocal results from previous studies.
Although one study of 19,464 women found no
radiation-related difference in cardiac effects associ-
ated with laterality of RT for those treated with
anthracyclines and those who were not (10), another
study found a statistically significant increased risk of
a cardiovascular event among women with left-sided
RT treated with a cumulative doxorubicin equivalent
dose of $250 mg/m2, but not among women treated
with a lower dose. However, no association was seen
when comparing left- to right-sided RT without
consideration of chemotherapy received (14). Of
note, during the years when WECARE Study
participants were treated, chemotherapy regimens
with $250 mg/m2 of anthracyclines were not used for
adjuvant breast cancer therapy. Further research is
needed to identify the types and doses of breast
cancer chemotherapy that may increase the risk of
RT-associated CAD.

STUDY STRENGTHS AND LIMITATIONS. The many
strengths of this study included a long follow-up
period, large numbers of breast cancer survivors
treated with RT, and very detailed treatment and risk
factor information. Nonetheless, there were some
limitations. For example, we did not have detailed
cardiac dosimetry and, therefore, used laterality of
RT as a proxy for increased radiation dose received to
the heart. Although there is variation in dose received
to the heart, left-sided RT for breast cancer has been
shown to have a significantly higher mean heart dose
of radiation than right-sided RT (26). Therefore, lat-
erality, while imperfect, is a reasonable indicator of
relative dose. Further, while radiation dose to the
internal mammary chain nodes delivers a high radi-
ation dose to the heart (23), our sensitivity analysis
demonstrating an effect of RT laterality even when
the overall model was restricted to women with
stage I breast cancer suggests that our results were
not driven by effects of internal mammary chain node
radiation; stage I breast cancer is not typically treated
with RT to the mammary chain nodes. Cardiovascular
disease was self-reported and was not verified overall
through medical record review. However, in a vali-
dation study, self-reported cardiovascular disease
events among Danish WECARE Study participants
were compared with diagnoses recorded in the
Danish National Patient Register, showing 80%
agreement between self-reports and diagnoses in the
National Patient Register (19). Further, any variation
in CAD self-report is likely to be nondifferential with
respect to RT laterality, which would bias our HR
estimates toward the null. As with most follow-up
studies, we cannot rule out the possibility of selec-
tion bias, especially regarding the radiation-
associated CAD risk observed among women who
participated in the WECARE Follow-Up Study. How-
ever, when we compared the characteristics of those
who responded to the follow-up questionnaire with
those who did not respond, we found no appreciable
differences with respect to key risk factors (eg, age,
stage, laterality, or receipt of RT), and all were diag-
nosed with stage I-II breast cancer. Last, we did not
collect information on RT planning methods for car-
diac dose sparing. Modern breast cancer RT planning
includes cardiac dose sparing techniques such as
prone positioning, breath hold techniques, and pro-
ton beam therapy, which reduce radiation dose to the
heart (27). Therefore, women treated for breast cancer
incorporating these contemporary RT techniques will
likely have a lower risk of CAD compared with that
seen in our study, as the majority of participants in
our study were diagnosed with breast cancer before
these techniques were introduced or commonly
in use.

IMPLICATIONS. Our results expand our understand-
ing of the late effects of RT for breast cancer and
confirm that it may increase the risk of CAD among
younger women (<55 years of age at breast cancer
diagnosis) receiving RT to the left breast. Addition-
ally, our study incorporated comprehensive clinical
and epidemiological data in the analysis, allowing us
to evaluate the multivariable-adjusted associations
with risk of CAD in clinically relevant subgroups,
some of which have not been previously studied as
effect modifiers, including smoking history and BMI.
Although we did not find evidence of effect modifi-
cation by these factors, smoking history and BMI are
important predictors of CAD risk that can be assessed
during survival follow-up of women treated for
breast cancer.



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: RT to the left

breast increases the risk of CAD among women diagnosed with

breast cancer at <55 years of age. Given the latency period be-

tween RT and the development of CAD, long-term survivorship

monitoring for cardiovascular disease in younger women treated

with left-sided breast RT is warranted.

TRANSLATIONAL OUTLOOK: Future studies are needed to

assess the additional risk that adjuvant chemotherapy may

introduce in the relationship between left-sided breast RT and

risk of CAD, specifically among younger women. Strategies to

minimize radiation exposure to the heart and mitigate cardio-

vascular risk associated with breast RT are needed.
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Future studies incorporating cardiac dosimetry
and the use of newer cardiac dose sparing techniques
may improve our understanding of the effects of
differing RT treatment plans on the heart among
younger women treated for breast cancer. Finally,
studies of the risk of cardiovascular disease among
women receiving both RT and chemotherapy as
adjuvant treatment for breast cancer should be
further investigated to determine the possible syn-
ergistic adverse effects of RT and chemotherapy
treatments on the heart.

CONCLUSIONS

RT to the left breast was associated with increased
risk of CAD compared with RT to the right breast
among women treated for breast cancer between the
ages of 25 and 54 years. CAD should be continually
monitored in the years of survivorship following
breast cancer diagnosis and treatment. As additional
cardiovascular risk factors may emerge as younger
women age during survivorship, these risk factors
and resulting cardiovascular disease should also
continue to be monitored and assessed in this
population.
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