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Breast cancer is the most commonly diagnosed cancer in women and radiotherapy is a
widely used treatment approach. However, there is an increased risk of coronary artery
disease and cardiac death in women treated with radiotherapy. The present study was
undertaken to clarify the relation between radiotherapy and coronary disease in women
with previous breast irradiation using coronary computed tomographic angiography
(CCTA). We conducted a retrospective analysis of women with a history of right or left-
sided breast cancer (RBC; LBC) treated with radiotherapy who subsequently underwent
CCTA. RBC patients who had reduced radiation doses to the myocardium served as con-
trols. Patients (n = 6,593) with a history of nonmetastatic breast cancer treated with radio-
therapy were screened for completion of CCTA; 49 LBC and 45 RBC women were
identified. Age and risk factor matched patients with LBC had higher rates of coronary
disease compared with RBC patients; left anterior descending (LAD) coronary artery
(76% vs 31% [p < 0.001]), left circumflex (33% vs. 6.7% [p = 0.004]), and right coronary
artery (37% vs 13% [p = 0.018]). Mean LAD radiation dose and mean heart dose strongly
correlated with coronary disease, with a 21% higher incidence of disease in the LAD per
Gy for mean LAD dose and a 95% higher incidence of disease in the LAD per Gy for
mean heart dose. In conclusion, LBC patients treated with radiotherapy have a signifi-
cantly higher incidence of coronary disease when compared with a matched group of
patients treated for RBC. Radiation doses correlated with the incidence of coronary dis-
ease. © 2020 Elsevier Inc. All rights reserved. (Am J Cardiol 2021;143:14−20)
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Breast cancer is the most commonly diagnosed cancer in
the world in women and the second most frequent cause of
cancer death in women in the United States.1 Adjuvant
radiotherapy is a widely used treatment for patients with
nonmetastatic breast cancer as it reduces the risk of recur-
rence and improves overall survival.2 However, there is an
increased risk of cardiac death and ischemic heart disease
in women treated with radiotherapy for breast cancer.3-8

Patients treated for left-sided breast cancer (LBC) have an
increased risk of radiation-induced coronary artery disease
compared with patients with right-sided breast cancer
(RBC) due to the proximity of the radiation beams to the
coronary vasculature.9 Coronary angiography and func-
tional stress testing have significant limitations in evaluat-
ing the degree and extent of coronary disease and coronary
plaque when compared with coronary computed tomo-
graphic angiography (CCTA).10-12 Accordingly, the ability
of CCTA to describe subclinical atherosclerosis, plaque
composition, and the presence of extra-luminal plaque
make it the preferred technique to evaluate patients at risk
for coronary disease.13,14 The present study describes the
effects of radiotherapy on the prevalence and morphology
of coronary disease using CCTA in breast cancer patients
with a history of breast irradiation.
Methods

We conducted a retrospective analysis of women with a
history of either right- or left-sided, nonmetastatic breast
cancer who were treated with radiotherapy at a single
institution from January 2006 to December 2019. Eligible
patients (n = 6,593) were screened for completion of
CCTA. Both asymptomatic and those performed for clini-
cal reasons were utilized. CCTA was performed between
2.6 and 3.9 years after completing radiotherapy. Patients
with a history of coronary revascularization either by per-
cutaneous coronary intervention or coronary artery bypass
grafting before radiotherapy were excluded from analysis.
Patients with LBC and RBC were directly compared. Vari-
ables for multivariate analysis were chosen utilizing the
Framingham Risk Score and conventional risk factors for
coronary disease.15-18

CCTA acquisition was performed using a 128-multi-
detector CT scanner (Somatom Definition Flash Dual Source
Scanner, Siemens Healthcare) with a detector width of
0.33 mm. The protocol for the acquisition of images differed
depending on the clinical indication for CCTA. Standard cor-
onary evaluation utilized prospective electrocardiographic
gating. A trans-catheter aortic valve replacement protocol,
which was used in a small number of patients who were eval-
uated for aortic valve replacement, employed spiral image
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Figure 1. Flow-chart with study design and screening protocol. CCTA =

coronary computed tomographic angiography; LBC = left-sided breast

cancer; RBC = right-sided breast cancer.

Table 1

Baseline characteristics

Patient characteristics Radiotherapy

Variable Left (n = 49) Right (n = 45) p Value

Age (Years) 69 (65-75) 70 (62-74) > 0.9

Race 0.70

White 37 (76%) 37 (82%)

Black 9 (18%) 6 (13%)

Other 3 (6.1%) 2 (4.4%)

BMI (kg/m2) 29.9 (25.7-33.8) 27 (25-31) 0.07

Hyperlipidemia 26 (53%) 22 (49%) 0.80

Hypertension 31 (63%) 28 (62%) > 0.9

Smoker 5 (10%) 4 (8.9%) > 0.9

Aspirin use 30 (61%) 14 (31%) < 0.05

Statin use 34 (69%) 17 (38%) < 0.05

Beta-blocker use 26 (53%) 15 (33%) 0.08

Chemotherapy 21 (44%) 21 (49%) 0.80

Family history of premature

coronary disease*

7 (14%) 9 (20%) 0.60

Time from radiotherapy

to CCTA (years)

3.61 (2.25-6.27) 2.92 (1.62-5.68) 0.30

CCTA = computed tomographic angiography.

*Defined as onset before 55 years in father and 65 years in mother.
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acquisition, and retrospective electrocardiographic gating.
Before CCTA scanning, all patients were treated with beta-
blockers and sublingual nitroglycerin to achieve adequate
heart rate control and vasodilation when not contraindicated
per hospital protocol. Lopamidol (Isovue-M) was utilized as
a contrast agent, and the dose given per CCTA protocol
ranged from 70 to 120 ml. Multiphase reconstruction was
used for interpretation of coronary disease.

CCTA grading and segmentation of coronary arteries
employed the Society of Cardiovascular Computed Tomog-
raphy guidelines criteria: grade 0 = normal, no luminal ste-
nosis; grade 1 =minimal stenosis, 1% to 24%; grade
2 =mild stenosis, 25% to 49%; grade 3 = moderate stenosis,
50% to 69%; grade 4 = severe stenosis, 70% to 99%; and
grade 5 = occluded.19 Images were also assessed for high-
risk plaque features which included the presence of spotty
calcification, low attenuation plaque (< 30 Hounsfield
units), or positive remodeling.20

We obtained the mean heart radiation dose (mean heart
dose) and total left anterior descending (LAD) radiation
dose from the radiation treatment plan for each patient.
Contouring and segmentation of the LAD was performed
using computed tomographic planning scans according to a
cardiac contouring atlas as previously described.21 The
proximal LAD consists of the proximal one-fifth of the ves-
sel from the end of the left main coronary artery, the mid
segment consists of the mid two-fifths of the vessel
descending anterolaterally in the anterior interventricular
groove, and the distal segment consists of the distal two-
fifths of the vessel running in the interventricular groove,
extending to the apex. Radiation doses were converted to a
radiobiological equivalent dose of 2 Gy (EQD2) using an
a/b ratio of 2.

All continuous data were assessed for normality using
the Shapiro-Wilk test, along with visualization with Q-Q
plots. Continuous data derived from a Gaussian distribution
are reported as mean (§ SD); otherwise data are reported as
median (interquartile range). Normally distributed data
were analyzed using the Student’s t test; the nonparametric
Mann-Whitney U (Wilcoxon rank-sum) test was used to
compare distributions between groups. Categorical data
were analyzed utilizing the Fisher’s exact test. Mean heart
dose and LAD doses were correlated with coronary disease
on CCTA using univariate and multivariable logistic regres-
sion analysis. Receiver-operating-characteristic analysis
with Youden index maximization was used to identify
potential radiation dose constraints for mean heart dose and
LAD doses. All statistical analyses were 2-sided and p-val-
ues < 0.05 were considered significant.
Results

A total of 94 women were included in the final analysis
(Figure 1): 49 and 45 patients with LBC and RBC, respec-
tively. Baseline characteristics are reported in Table 1 and
no significant differences were noted between groups.
Patients with LBC had significantly higher rates of coronary
disease after radiotherapy compared with RBC patients
(83% vs 46% respectively, [p < 0.005]) and per artery
(Figure 2). Compared with RBC patients, the odds ratio for
detecting any coronary disease following left sided
radiotherapy was 5.80 (95% Confidence Interval [CI], 2.2
to 12.1), and 5.5 (95% CI, 2.2 to 13.7) for detecting LAD
disease. There was more disease in the LAD (76% vs 31%
[p < 0.001]), left circumflex (33% vs 6.7% [p = 0.004]),
and right coronary artery (37% vs 13% [p = 0.018]) in the
LBC cohort. When divided by segments, the proximal
(70% vs 35% [p <0.004]) and mid LAD (43% vs 20%
[p = 0.02]) had a significantly higher prevalence of disease
(Figure 3). Similarly, the proximal and mid right coronary
artery had higher disease in the LBC patients. There was no
difference in coronary disease detection in the left main
artery or the left circumflex (Table 2).

Mean heart dose and mean LAD dose were calculated
for both groups; mean dose to the proximal, mid, and distal
LAD were calculated for LBC patients only and are
reported in Table 3. Univariate and multivariable logistic
regression analyses were conducted to correlate mean heart



Figure 2. Prevalence of coronary disease by coronary artery, comparing right-sided breast cancer (RBC) patients and left-sided breast cancer (LBC) patients

previously treated with radiation therapy. Ant = anterior.

Figure 3. Prevalence of coronary disease by segment of coronary arteries in right-sided breast cancer (RBC) versus left-sided breast cancer (LBC) patients.

pLAD = proximal left anterior descending; mLAD =mid left anterior descending; dLAD = distal left anterior descending; pLCx proximal left circumflex;

dLCx = distal left circumflex; OM = obtuse marginal; pRCA = proximal right coronary artery; mRCA =mid right coronary artery; dRCA = distal right coro-

nary artery.
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Table 2

Coronary artery disease in right and left sided breast cancer patients

Coronary Disease by Segment Radiotherapy

Segments Left (n = 49) Right (n = 45) p Value

Left main 26% 13% 0.13

Left anterior descending 77% 37% 0.005

Right coronary 38% 17% 0.025

Left circumflex 38% 20% 0.05

Proximal left anterior descending 70% 35% 0.004

Mid left anterior descending 43% 20% 0.02

Distal left anterior descending 13% 7% 0.31

Proximal circumflex 30% 20% 0.25

Distal circumflex 13% 0% NA

Obtuse marginal 15% 7% 0.19

Proximal right 26% 9% 0.03

Mid right 26% 11% 0.07

Distal right 13% 4% 0.15

Table 5

Logistics regression correlating radiation dose per Gy to ≥ grade 3 LAD

disease

Univariate analysis

OR 95% CI p Value

Mean LAD Dose 1.08 1.00, 1.17 0.049

Mean Heart Dose 1.49 1.03, 2.17 0.029

CI = Confidence interval; Gy = Gray; LAD = left anterior descending;

OR = Odds Ratio.
1Multivariable analysis included age ≥ 60 years, BMI ≥ 30 kg/m2, fam-

ily history of coronary disease defined as having at least 1 parent with pre-

mature cardiovascular disease with onset before 55 and 65 years in the

father and/or mother respectively, use of chemotherapy and history of dia-

betes, hypertension, hyperlipidemia, chronic kidney disease, and smoking

history.
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dose and LAD doses with ≥ grade 3 disease (≥ 50% steno-
sis) and for the presence of any LAD disease. Chemother-
apy use, BMI ≥35 kg/m2, family history (cardiovascular
disease with onset before 55 and 65 years in the father and
mother, respectively), diabetes, age ≥60 years, hyperten-
sion, hyperlipidemia, chronic kidney disease, and smoking
history were included in the multivariate analysis. Mean
LAD dose and mean heart dose strongly correlated with the
presence of any coronary disease with and ≥ 3 grade steno-
sis (Tables 4 and 5).

Receiver operator curves were generated to determine
potential radiation dose constraints to minimize the devel-
opment of ≥ grade 3 stenosis. The analysis showed excel-
lent specificity and sensitivity as shown in Figure 4.
Apparent thresholds were ≥ 1.6 (C-index 0.81 [p = 0.03]),
and ≥ 2.9 Gy (C-index 0.79 [p = 0.04]) for mean heart dose
and mean LAD dose for ≥ grade 3 stenosis, respectively.

In LBC patients with LAD disease (n = 37), the proximal
LAD was involved in 34 patients (92%), mid LAD in 20
Table 3

Radiation dose in right and left sided breast cancer patients

Mean Radiation Doses

Dose Left (n = 49)

Mean Heart Dose (Gy) 1.93 (1.56-2.64)

Mean LAD Dose (Gy) 5.2 (2.8-12.8)

Mean Proximal LAD Dose (Gy) 2.30 (1.86-3.35)

Mean Mid LAD Dose (Gy) 6 (4-16)

Mean Distal LAD Dose (Gy) 6 (3-22)

Gy = Gray; LAD = left anterior descending.

Table 4

Logistics regression correlating radiation dose per GY to > grade 0 LAD disease

Univariate analysis

OR 95% CI p V

Mean LAD Dose 1.21 1.08, 1.40 0

Mean Heart Dose 1.95 1.22, 3.62 0

CI = Confidence interval; Gy = Gray; LAD = left anterior descending; OR = Odd

*Multivariable analysis included use of chemotherapy, history of diabetes, hype
patients (52%), and distal LAD in 6 patients (17%). Mixed
calcified lesions were present in 16 patients (43%) com-
pared with 21 patients with non-calcified lesions only
(57%). There was no difference in the presence of calcified
plaque compared with RBC patients, 58% vs 76%, respec-
tively, p = 0.22. High-risk plaque features, as defined pre-
viously, were present in the LAD in 6 patients. The mean
age of this high-risk cohort was 66.6 years. The median
mean heart dose was 1.97 (1.64 to 2.59) Gy and median
time from radiotherapy to CCTA was 2.7 (1.2 to 3.4)
years. One of these patients underwent percutaneous coro-
nary intervention.
Discussion

To our knowledge this is the first study to evaluate coro-
nary disease using CCTA in women previously treated with
radiotherapy for breast cancer. We detected a higher inci-
dence of coronary disease in patients treated for LBC com-
pared with a matched group of patients treated for RBC
who served as controls. RBC is an appropriate comparator
Radiotherapy

Right (n = 45) p Value

0.99 (0.69-1.25) < 0.001

0.7 (0.5-1.0) < 0.001

-

-

-

Multivariate analysis*

alue OR 95% CI p Value

.005 1.08 0.99, 1.20 0.07

.017 1.45 0.98, 2.24 0.06

s Ratio.

rtension, hyperlipidemia, kidney disease, and smoking.



Figure 4. Receiver-operating-characteristic curves with suggested constraints of 1.6, and 2.9 Gy for mean heart dose and mean LAD dose for ≥ grade 3 ste-

nosis, respectively. Gy = gray; LAD = left anterior descending.
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group as these patients have a much lower mean heart dose
and have similar co-morbidities as well as concomitant che-
motherapy. LBC patients had a 5-fold higher incidence of
coronary disease compared with RBC patients. This was
primarily driven by LAD disease with an odds ratio of 5.5
(95% CI, 2.2 to 13.7), and is consistent with previous stud-
ies which demonstrated higher LAD disease in patients
treated with left sided radiation. However, in these studies,
the effects were seen late (>10 years) after treatment com-
pared with our results with a median time from radiotherapy
to detected coronary disease of 3.6 years.9,22 This differ-
ence may be due to the coronary disease detection methods
employed, as CCTA is more sensitive in detecting coronary
disease as compared with coronary angiography and func-
tional stress testing.12

This is also the earliest investigation to correlate radia-
tion dose to coronary disease detection by CCTA. Logistic
regression analysis showed a strong correlation between
mean LAD dose and mean heart dose with the detection of
disease in the LAD. For each mean Gy increase in LAD
dose, the odds of detecting any disease increased by 21%
and increased 8% for detecting ≥ grade 3 stenosis. For each
mean Gy increase in mean heart dose the odds of detecting
any disease increased 95% and increased 49% for detecting
≥ grade 3 stenosis.

Our analysis supports the notion that the radiation dose to
the heart should be as low as reasonably achievable for breast
cancer patients. The receiver operator curve analysis suggests
» 1.5 Gy and »3 Gy as potential constraints for mean heart
dose and mean LAD dose to minimize the risk of developing
≥ grade 3 LAD stenosis. These values are suggested as a gen-
eral frame to consider when developing radiation treatment
plans and must be individualized according to each patient’s
risk of disease recurrence and treatment fields. For example,
such constraints are generally achievable for RBC patients,
even with inclusion of internal mammary lymph nodes in the
treatment fields. For LBC, the delineated constraints are real-
istic for most patients who underwent whole breast radiother-
apy. However, for patients with tumors in the lower inner
quadrant of the breast, or those for whom internal mammary
lymphatics are targeted, one may have to accept a higher
mean heart dose or LAD dose.

Interestingly, we detected more plaque in the right coro-
nary artery in LBC patients than in RBC patients. This is
counterintuitive as RBC patients receive higher doses of radi-
ation to the right coronary artery than LBC patients. One pos-
sible explanation is that mean heart dose is more closely
correlated with disease formation than dose to each individ-
ual artery. Alternatively, via the abscopal effect, the effects
of radiation may extend beyond the area of treatment. This is
presumably due to activation of immune cells which in turn
have effects on neighboring tissues to create an inflammatory
response.23 The absolute numbers of patients with right coro-
nary artery disease was low, 18 vs 8 in the LBC and RBC
groups, respectively, and additional studies with larger num-
bers of patients are needed to verify these results.

CCTA offers advantages over conventional exercise
stress testing and coronary angiography in that it character-
izes plaque composition and detects the presence of high-
risk plaque features. The presence of spotty calcification,
low-attenuation plaque, or positive remodeling (Figure 5)
have been shown to increase the risk of acute coronary syn-
drome by 9-fold.24 In the LBC cohort, there was a higher
incidence of patients with high-risk plaque features.

www.ajconline.org


Figure 5. Coronary angiography compared to CCTA in the same patient. CCTA demonstrates high risk plaque features of positive remodeling (white arrow),

spotty calcification (arrowhead), compared to same segment in LAD that appears normal using coronary angiography (blue arrow). CCTA = coronary com-

puted tomographic angiography.
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Although there was not a defined mortality end point for
this study, previous studies have shown that increased coro-
nary disease burden can lead to higher mortality rates.25,26

Thus, localization and detection of coronary disease may
prove to be of clinical utility, particularly in patients receiv-
ing higher radiation doses to potentially improve survival.
Additionally, aggressive lifestyle modification and adjunc-
tive medical therapy can be initiated earlier if coronary dis-
ease is detected by CCTA. Further study in larger numbers
of patients will be needed to test this hypothesis.

We acknowledge several methodological limitations to
our study. The indication for ordering the CCTA was not
adjudicated and this may have led to selection bias of
patients with coronary disease presenting with chest pain or
other anginal equivalents. To counter this potential con-
founder, RBC patients were chosen as controls as they had
CCTAs ordered in likely the same manner as LBC patients.
Another potential limiting factor is the comparison of con-
trast enhanced CCTA disease to noncontrast radiation plan-
ning computed tomographic scans, which are unable to
delineate vascular structures. The use of a standardized,
previously validated protocol was utilized to address this
issue. Lastly, this was a retrospective analysis and prospec-
tive studies will be needed to validate these findings.

In summary, patients treated with radiotherapy for LBC
have a higher incidence of coronary disease when compared
with a matched cohort of patients treated for RBC and these
differences occurred earlier (»3.5 years post-treatment)
than previously reported. Mean LAD radiation dose and
mean heart dose strongly correlated with coronary disease,
with a 21% higher incidence of disease in the LAD per Gy
for mean LAD dose and a 95% higher incidence of disease
in the LAD per Gy for mean heart dose. Early identification
of coronary disease is critical as these findings may acceler-
ate proactive prevention interventions and improve long-
term cardiovascular outcomes in breast cancer survivors.
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