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Abstract: Background—Radiotherapy (RT) for breast cancer (BC) can lead to an increased risk of
coronary artery disease several years after RT. The aim of this study was to evaluate the development
of overall, non-calcified and calcified atherosclerotic plaques over 2 years after BC for RT and associa-
tions with cardiac exposure. Methods—The study included 101 left- or right-sided BC patients treated
with RT without chemotherapy. A coronary CT angiography was performed before and 2 years after
RT. Plaque development thorough the entire coronary network was defined as an increased number
of plaques. Cardiac exposure was quantified with mean doses to the heart, left ventricle, and coronary
arteries. Logistic regression models were used to assess association with doses. Results—At inclusion,
37% of patients had plaques, increasing to 42% two years after RT. Overall plaque development
was observed in seven patients: five with calcified plaque development and four with non-calcified
plaque development. The risk of overall plaque development was significantly associated with doses
to the Left Main and Circumflex coronary arteries (OR at 1 Gy = 2.32, p = 0.03 and OR at 1 Gy = 2.27,
p = 0.03, respectively). Specific analyses for calcified and non-calcified plaque development showed
similar results. Conclusion—Our study suggests an association between coronary arteries exposure
and the risk of developing both calcified and non-calcified atherosclerotic plaques over 2 years after
BC RT. Trial registration number: NCT02605512.

Keywords: breast cancer; radiotherapy; coronary atherosclerotic plaques; contrast-enhanced CT
angiography

1. Introduction

Breast cancer is the most common type of cancer and the leading cause of cancer death
worldwide among women [1]. In the therapeutic arsenal to treat breast cancer, radiation
therapy (RT) is a cornerstone, with more than 75% of patients undergoing therapeutic
radiation [2–4]. Although, it generally provides a clear improvement in local tumor control
and significantly reduces the risk of cancer-related mortality several years after treatment, it
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also results in irradiation of the heart due to its anatomical position. With the improvement
of cancer management and the improvement in the survival of women treated for BC,
enhancing knowledge on RT-related adverse cardiovascular effects that may occur several
years or decades after RT has become a real challenge to maintain the patients quality of
life [5].

It has been shown that RT for breast cancer can lead to an increased risk of coro-
nary artery disease which starts a few years after the RT and continues for at least for
two decades [6–9]. Atherosclerosis, the underlying principal cause of these diseases, re-
sults from the progression of atheromatous plaques in the coronary arteries and remains
asymptomatic for many years due to sufficient functional reserve of these arteries until
significant occlusion occurs [10]. Depending on their composition, atheromatous plaques
can be either non-calcified or calcified [11]. Coronary artery calcification (CAC) scoring
based on non-contrast enhanced cardiac CT is recognized as a good predictor of coronary
artery disease, even for early detection of coronary artery disease in asymptomatic indi-
viduals [12]. For patients treated with RT, previous studies observed associations between
cardiac exposure and CAC score [13,14] or CAC increase [15,16]. However, asymptomatic
individuals with zero CAC score may have not yet developed detectable, calcified coronary
plaque but may have early stages of plaque and non-calcified plaques. A longtime before
the clinical manifestation of coronary atherosclerotic disease occurs, the atherosclerotic
plaques (both calcified and non-calcified) can be well-identified and measured by contrast-
enhanced coronary CT angiography [17,18]. The interest in evaluating both calcified and
non-calcified plaques has been illustrated in a large study which showed that patients
with non-calcified plaques had a three times higher risk of coronary events than patients
with calcified ones [19]. Diffuse coronary plaque can be present without detectable CAC
score, illustrating the interest for sensitivity to evaluate coronary atherosclerotic plaques in
addition to the CAC score [20]. To our knowledge, no study was conducted to investigate
atherosclerotic plaques via coronary CT angiography in breast cancer patients treated
with RT.

Long before the potential occurrence of radiation-induced coronary artery disease, a
precise evaluation of atherosclerotic plaques, both calcified and non-calcified, quantifiable
using coronary CT angiography, could allow for a better understanding of the early stages of
radiation-induced atherosclerosis and the possible implementation of preventive measures.
The aim of this study was to assess the impact of breast cancer RT on development of
atheromatous plaques (both calcified and non-calcified) occurring within 2 years of RT and
estimate the association between cardiac exposure and the risk of developing these plaques.

2. Materials and Methods
2.1. Study Design and Population

This monocentric prospective cohort study included 118 female BC patients of the
Clinique Pasteur, Toulouse, France, from October 2015 to December 2017, aged 40 to 75 years
old, mainly with left unilateral BC and in a smaller proportion with right-sided unilateral
BC, without history of severe cardiovascular disease such as coronary artery disease
including acute myocardial ischemia or infarction [21]. Patients with renal failure, allergies
to iodinated contrast injection, and pregnancy were also excluded. All patients were
treated with adjuvant three-dimensional conformal radiation therapy (3D-CRT) after breast
conserving surgery or mastectomy, without chemotherapy. Patients were followed from
baseline before RT to 2 years after RT. Patient’s medical history was collected at baseline and
physical examinations, in particular coronary CT angiography (CTCA), were performed
by the cardiologists and radiologists, respectively, during the programmed consultations
at baseline and 2 years after RT. Five patients withdrew consent and twelve patients had
missing data (either for CTCA measurements or cardiac exposure measurements). Finally,
the study population presented here consisted of 101 patients with complete data on
coronary artery atherosclerotic plaques at baseline and 2 years after RT, as well as cardiac
radiation dosimetry data.
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This study was approved by the French Southwest Ethics Committee for Protection
of Persons (ID: CPP2015/66/2015-A00990-69) and by the National Agency for Medical
and Health products Safety (Reference: 150873B-12). Written informed consent form was
obtained from all the patients participating in our study.

2.2. Radiotherapy

All the BC patients were treated with 3D-CRT with or without irradiation of supr-
aclavicular or internal mammary lymph nodes after initial surgical treatment by either
radical mastectomy or breast conserving—lumpectomy. After raising both arms above
thier heads, patients were positioned on a breast board. Planning target dose was 50 Gy
delivered in 5 weeks with 25 daily doses of 2 Gy, or the second schema of 47 Gy delivered
in 5 weeks with 20 daily doses of 2.35 Gy for the patients treated between January 2016
and May 2016. This second schema of hypo-fractioned dose administration decision was
made for logistic purposes because of limited access to one of the 3D-CRT machines it
was necessary to slightly limit the number of sessions per patient. Six MV photons were
used for most of the study participants. However, for a few cases with big breast sizes,
25 MV additional photons were delivered. In addition, on a case-by-case basis, a boost
of 12 to 12.5 Gy (with 4 to 5 fractions of 3 or 2.5 Gy) could be applied to the tumor site
with electron/photons beams, with energies ranging from 6 MeV to 18 MeV or 6 MV. To
conduct whole heart dose calculations, the Eclipse™ Treatment planning system (TPS) and
the integrated software Analytical Anisotropic Algorithm (AAA v13.6) (Varian Medical
System, Palo Alto, CA, USA) were used. The resulting doses of all irradiated breast volumes
were taken into account. For each patient, the RT was planned in a manner where the
distribution was normalized and optimized based on the International Commission on
Radiation Units and Measurements (ICRU) point of reference for the breast and to obtain
QUANTEC dose constraints to the organs at risk, e.g., the heart [22]. Deep inspiration
breath hold (DIBH) was only used for patients treated for left-sided BC who had a heart
very close to the anterior chest wall or for dose constraints achieved according to Clinic
Pasteur radiotherapy protocols (mean heart dose < 5Gy and V25Gy < 10%).

2.3. Radiation Doses

The methods used for the evaluation of radiation doses distribution to the whole
heart, left ventricle, left main coronary artery (LMCA), left anterior descending artery
(LAD), circumflex artery (CX), and right coronary artery (RCA) in BACCARAT patients
are described elsewhere [21,23]. In short, the Dose–Volume Histogram (DVH) for the heart
was produced by the RT department of the Clinic Pasteur. The delineation of the cardiac
sub-structures was performed manually taking advantage of patients’ Coronary Computed
Tomography Angiography. DVHs for additional cardiac sub-structures were generated
with ISOGray TPS by the dosimetry department of IRSN in collaboration with the Clinic
Pasteur RT department by using the 3D dose matrix created during treatment planning.
From the DVHs, the several absorbed dose metrics for cardiac structures and coronary
arteries were calculated. For the present analysis, Dmean (in Gy), the volume-weighted
mean dose, was considered for each delineated cardiac structure, i.e., whole heart, left
ventricle, and coronary arteries including LMCA, LAD, CX, and RCA.

2.4. Coronary CT Angiography
2.4.1. Acquisition

Baseline and follow-up cardiac CT scans were performed with SIEMENS dual-source
CT (SOMATOM FLASH definition, Siemens Imaging system ®, Erlangen, Germany) with
contrast injection either XENETIX 350 or OPTIJECT 350. Axial CT images were recon-
structed with a slice thickness of 3 mm with retrospective ECG gating. In order to en-
hance scan quality of coronary CT angiography and to limit coronary CT artefacts, several
measures were applied, including heart rate control with injection of β-blockers (if no
contraindication), breath-hold instructions, optimal cardiac cycle phase reconstruction.
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2.4.2. Analysis

Coronary reconstructions blinded to patient name and study date were transferred
to an offline workstation and curved multi-planar reformations generated using CT com-
prehensive cardiac intellispace portal Philips NV software. The extent of atherosclerotic
plaque burden at both baseline and follow-up was assessed for the entire left main (LM),
the left anterior descending (LAD), left circumflex (LCX), and right (RCA) coronary artery
according to the arterial tree segmentation presented in Figure 1.
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Figure 1. Description of the segments of the coronary arteries network. LM: Left main coronary
artery; LAD: left anterior descending artery; LCX: left circumflex artery; RCA: right coronary artery
(adapted from [21]).

An experimented radiologist (ML, 15 years of experience in cardiovascular imaging),
blinded to time of scanning (baseline/ follow-up) and laterality of RT, determined the
presence of calcified or non-calcified plaque in all evaluable segments. Calcified plaque was
defined by any structure distinct from the vessel lumen within the artery wall with a CT
attenuation greater than 130 HU. The presence of any calcification within the corresponding
segment rendered the segment as calcified. Non-calcified plaque was defined by a structure
assigned to the coronary artery wall with CT attenuation above the surrounding tissue, but
below that of the contrast enhanced lumen without any calcified plaque being present. For
this analysis, we only considered two categories of plaques: either calcified or non-calcified.
Despite some plaques being partially calcified and partially non-calcified, we categorized
them as calcified plaques.

2.4.3. Definition of Endpoints

Plaque development thorough the entire coronary network and for each coronary
artery (LM, LAD, CX and RCA) was defined at patient-level as follows:

- Any plaque development: the number of segments containing any plaque had in-
creased by at least 1 between baseline and RT + 2 years.

- Calcified plaque development: the number of segments containing calcified plaque
had increased at least by 1 between baseline and RT + 2 years.

- Non-calcified plaque development: the number of segments containing non-calcified
plaque had increased at least by 1 between baseline and RT + 2 years.

2.5. Clinical Covariates

At baseline, we collected information on cardiovascular risk factors known to have a
potential impact on coronary atherosclerosis development and progression for all study
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participants. These covariates included age at start of radiotherapy, body mass index, smok-
ing (defined by current or previous daily cigarette use), hypertension (defined by a systolic
blood pressure of ≥140 mmHg or diastolic of ≥90 mmHg or current anti-hypertensive
treatment), diabetes (defined by treatment with hypoglycemic medication), dyslipidemia
(defined with lipid medication), cardiovascular treatment and statins treatment (both de-
fined as ongoing treatments at baseline). In addition, we considered hormonal therapy use
which are common in BC patients.

2.6. Statistical Analyses

The descriptive analyses were expressed as means and standard deviations (SD) for
quantitative variables, absolute numbers (n), and relative percentages (%) frequencies for
qualitative variables. The comparisons were performed using the non-parametric Wilcoxon
test for continuous data and Chi2 for categorical data (proportions and percentages).
The associations between the endpoints of plaque progression and radiation and non-
radiation factors were analyzed in a univariate analysis based on logistic regressions
(odds ratios (ORs), 95% confidence intervals (CI), p-values). Cardiac radiation exposure
factors included mean doses (Dmean) of the heart, the left ventricle, and coronary arteries.
Non-radiation cardiac risk factors included covariates known to have a potential impact
on coronary atherosclerosis development and progression such as age, body mass index
(BMI), smoking, hypertension, diabetes, dyslipidemia, endocrine therapy, cardiovascular
treatment, and statins use. Multivariate analysis combining radiation dose with other
preliminary identified cardiac risk factors (with p-value in univariate analysis <0.20) was
initially planned in order to evaluate the combined effect of radiotherapy and other risk
factors. However, due to small sample size, it was not performed. The analyses of the data
were conducted using software; Stata 14.2 STATA corp, and SAS version 9.4. p-values < 0.05
(two-sided) were considered statistically significant.

3. Results
3.1. Baseline Characteristics of the Study Population

Baseline demographics and cardiac dosimetry for the 101 patients (85% left-sided BC
and 15% right-sided BC) are presented in Table 1. The mean age of patients was 58 ± 8 years,
7% of patients had diabetes, 15% had hypertension, 45% of the patients were current or
former smokers, 7% were treated with statins. Most patients received hormonal therapy
(76%), either anti-aromatase or tamoxifen). The mean heart and mean left ventricle doses
were, respectively, 2.5 ± 1.5 Gy and 5.2 ± 3.7 Gy. For coronary arteries, the most exposed
one was the LAD with 13.1 ± 9.0 Gy, followed at a lower level by the CX with 1.4 ± 0.9 Gy.

Table 1. Baseline characteristics of the population of 101 BC patients.

Variables Mean ± SD or N (%)

Age (years) 58.4 ± 0.8
Cancer treatment
Laterality
Left-sided BC 84 (83.2)
Right-sided BC 17 (16.8)
Histology
in situ 19 (18.8)
Invasive 82 (81.2)
Type of surgery
Conservative 94 (93.1)
Mastectomy 7 (6.9)
Protocol of radiotherapy
50 Gy (25 x 2Gy) 76 (75.3)
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Table 1. Cont.

Variables Mean ± SD or N (%)

47 Gy (20 x 2.35Gy) 25 (24.7)
Regional lymph nodes irradiation (Supraclavicular
and/or Internal mammary Chain) 28 (27.7)

Boost 92 (91.1)
Adjuvant endocrine therapy 77 (76.2)
Anti-aromatase 45 (58.4)
Tamoxifen 32 (41.6)
Cardiovascular risk factors
BMI (kg/m2) 24.4 ± 0.4
Hypercholesterolemia 33 (32.7)
Diabetes 7 (6.9)
Cardiovascular treatment 15 (14.9)
Statines (medication) 6 (5.9)
Cardiac dosimetry
Whole heart (Gy) 2.49 ± 1.45
Left ventricle (Gy) 5.17 ± 3.72
LM (Gy) 1.17 ± 0.71
LAD (Gy) 13.11 ± 9.02
CX (Gy) 1.40 ± 0.89
RCA (Gy) 0.82 ± 0.53

BMI: Body mass Index; LM: Left main coronary artery; LAD: left anterior descending artery; CX: left circumflex
artery; RCA: right coronary artery.

3.2. Atherosclerotic Plaque Description at Baseline and 2 Years after RT

At baseline, a total of 1404 out of 1414 (101× 14) segments could be analyzed thorough
the entire coronary network: 101 segments for LM, 604 segments for LAD, 302 segments
for CX, and 397 segments for RCA. Among them, 128/1404 segments (9.1%) contained
atherosclerotic plaque: 4/101 (3.9%) were located in LM, 79/604 (13.1%) were located in
LAD, 15/302 (4.9%) in CX, and 28/397 (7.0%) in RCA. At patient-level, it corresponded to
37 patients (36.6%) with atherosclerotic plaque (27.7% with non-calcified plaques, 22.8%
with calcified plaques): 4.0% of patients had plaques in LM, 32.7% in LAD, 9.9% in CX, and
15.8% in RCA (Table 2), and the mean number of plaques per patient was 1.24 ranging from
0 to 12.

Table 2. Description of atherosclerosis plaques at patient-level at baseline and 2 years after RT.

Location of Plaques

Number of Patients
with Plaque
at Baseline

N (%)

Number of Patients
with Plaque

at RT + 2 Years
N (%)

p-Value *

Number of Patients
with Plaque

Development
N (%)

Any plaque

Entire coronary arterial network 37 (36.6) 42 (41.6) 0.90 7 (6.9%)
LM 4 (4.0) 4 (4.0) 1.00 0 (0%)

LAD 33 (32.7) 39 (38.6) 0.38 6 (5.9%)
CX 10 (9.9) 10 (9.9) 1.00 0 (0%)

RCA 16 (15.8) 17 (16.8) 0.85 1 (1.0%)

Non-calcified plaque

Entire coronary arterial network 28 (27.7) 31 (30.7) 0.64 4 (3.9%)

Calcified plaque

Entire coronary arterial network 23 (22.8) 27 (26.7) 0.51 5 (4.9%)

BMI: Body mass Index; LM: Left main coronary artery; LAD: left anterior descending artery; CX: left circumflex
artery; RCA: right coronary artery. * based on Mac Nemar test for comparison of the proportion of patients with
plaque at baseline vs. RT + 2 years.
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Two years after RT, a total of 1407 segments could be analyzed, including 134 segments
(9.5%) with any atherosclerotic plaque: 4/100 (4.0%) were located in LM, 85/606 (14.0%)
were located in LAD, 16/302 (5.2%) in CX, and 29/399 (7.2%) in RCA. At patient-level,
it corresponded to 42 patients (41.6%) with atherosclerotic plaque: 4.0% of patients had
plaques in LM, 38.6% in LAD, 9.9% in CX, and 16.8% in RCA (Table 2) and the mean
number of plaques per patient was 1.32 ranging from 0 to 12.

None of the observed increases in number of plaques from baseline to RT + 2 years
either at segment-level or patient-level were statistically significant. Evaluation of these in-
creases yielded to the identification of patients with the endpoints of plaques development.
Patients with a higher number of plaques at RT + 2 years than at baseline were defined with
plaque development: seven patients presented atherosclerotic plaque development (zero
for LM, six for LAD, zero for CX, and one for RCA), five patients presented calcified plaque
development, and four patients with non-calcified plaque development (Table 2). Among
the seven patients with plaque development, five patients had no plaques at baseline, one
patient had one plaque at baseline and two plaques at RT + 2 years, and one patient had
two plaques at baseline and three plaques at RT + 2 years. Among the five patients with
calcified plaque development, three patients with no plaque at baseline (either calcified
or non-calcified) developed calcified plaque after RT, one patient with calcified plaques at
baseline had an increased number of calcified plaques after RT, one patient with only non-
calcified plaques at baseline became calcified after RT. Moreover, all patients with plaque
development were left-sided BC patients. A detailed description of plaque development
at segment-level is presented in Appendix A Table A1 for the seven patients with plaque
development. It allowed us to observe that two patients with already existing plaques at
baseline, developed additional plaques 2 years after RT, and five patients with no plaques
at baseline developed plaques, mainly located in the LAD, after RT.

3.3. Association between Radiation Doses and Atherosclerotic Plaque Development

A comparison of dose distributions to the heart, left ventricle, and coronary arteries
between the groups of patients with or without plaque development (Figure 2) allowed us
to observe slightly higher doses for patients with plaque development, but none of these
differences reached statistical significance, except for dose to the LM: 5.7 Gy vs. 5.1 Gy
(p = 0.02).

Among non-radiation covariates, diabetes was the only one with a significant differ-
ence between both groups (5.3% in patients without plaque development vs. 28.6% in
patients with plaque development, p = 0.02) but it was based on a very limited number of
patients (five vs. two) (Table 3).

Table 3. Comparison of non-radiation covariates between patients without and with plaque development.

Covariates

Patients without Plaque
Development

(N = 94)
Mean ± SD or N (%)

Patients with
Plaque Development

(N = 7)
Mean ± SD or N (%)

p-Value

Age (years) 58.21 ± 0.86 61.43 ± 1.39 0.32
Body mass index (kg/m2) 24.44 ± 0.43 24.54 ± 1.27 0.75

Hypertension 14 (14.9) 1 (14.3) 0.96
Smoking status (Former or current) 43 (45.8) 3 (42.9) 0.80

Hypercholesterolemia 31 (32.9) 2 (28.6) 0.81
Diabetes 5 (5.32) 2 (28.6) 0.02

Cardiovascular treatment 14 (14.9) 1 (14.3) 0.97
Statines (medication) 5 (5.3) 1 (14.3) 0.33

Adjuvant endocrine therapy 73 (77.6) 4 (57.1) 0.22
Anti-aromatase 41 (56.2) 4 (100) 0.08

Tamoxifen 32 (43.8) 0 (0)
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Figure 2. Comparison of cardiac doses according to the overall coronary plaque progression status (0
for no plaque progression; 1 for plaque progression). LM left main common coronary artery, LAD:
left anterior descending artery, CX: circumflex artery; RCA: right coronary artery. The central value
of the box indicates the means, the borders of the box indicate the quartiles (25th and 75th), and the
extremities indicate the minimum and maximum values. p-value: results of Wilcoxon test to compare
dose distributions.

The association between the risk plaque development and cardiac radiation exposure
was further investigated with univariate logistic regressions. Multivariable analysis com-
bining radiation dose with diabetes (with p-value in univariate analysis <0.20) was not
performed, due to small sample size. The risk of any atherosclerotic plaque development
was significantly associated with doses to the LM (OR at 1 Gy = 2.32 [1.08–4.97]; p = 0.03)
and dose to the CX (OR at 1 Gy = 2.27 [1.09–4.74]; p = 0.03). For other doses, including
heart, left ventricle, LAD, and RCA, associations were positive (OR > 1), but none were
significant (Table 4).
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Table 4. Association between plaque development and cardiac structure exposure.

All Patients Left BC Patients

Mean Doses,
in Gy

Univariate Analysis
OR at 1 Gy (95%CI) p-Value

Univariate Analysis
OR at 1 Gy

(95%CI)
p-Value

Any plaque development (N = 7)

Heart 1.28 (0.76–2.18) 0.35 1.07 (0.59–1.98) 0.81
LV 1.04 (0.85–1.28) 0.58 0.95 (0.74–1.22) 0.69

LAD 1.10 (0.99–1.21) 0.07 1.07 (0.97–1.20) 0.18
LM 2.32 (1.08–4.97) 0.03 2.23 (0.99–5.05) 0.05
CX 2.27 (1.09–4.74) 0.03 2.06 (0.93–4.53) 0.07

RCA 1.26 (0.36–4.40) 0.72 3.60 (0.66–19.67) 0.13

Non-calcified plaque development (N = 4)

Heart 1.38 (0.69–2.77) 0.36 1.20 (0.55–2.63) 0.64
LV 1.06 (0.81–1.38) 0.66 0.98 (0.71–1.34) 0.89

LAD 1.11 (0.97–1.26) 0.12 1.09 (0.95–1.26) 0.22
LM 2.77 (1.16–6.62) 0.02 2.72 (1.10–6.72) 0.03
CX 2.55 (1.03–6.29) 0.04 2.37 (0.91–6.16) 0.07

RCA 1.26 (0.25–6.27) 0.78 3.26 (0.43–24.51) 0.25

Calcified plaque development (N = 5)

Heart 1.23 (0.67–2.28) 0.51 1.03 (0.51–2.10) 0.93
LV 1.05 (0.83–1.33) 0.69 0.96 (0.72–1.28) 0.79

LAD 1.07 (0.97–1.20) 0.17 1.06 (0.94–1.20) 0.37
LM 2.62 (1.15–5.97) 0.02 2.56 (1.07–6.10) 0.03
CX 3.03 (1.29–7.04) 0.01 2.84 (1.17–6.89) 0.02

RCA 1.18 (0.26–5.40) 0.83 2.98 (0.45–20.04) 0.26
LM: Left main coronary artery; LAD: left anterior descending artery; LCX: left circumflex artery; RCA: right
coronary artery.

Specific analysis for calcified and non-calcified plaque development showed similar
and consistent results with significant associations in the same order as any plaque devel-
opment for doses to LM and CX. Due to the very limited number of events, we did not
perform multivariable analyses. Four analysis of correlations of different cardiac substruc-
tures doses (Appendix A Table A2) allowed us to observe that the heart, LV, and LAD doses
were well correlated with each other, whereas LM and CX doses were well correlated with
each other. The RCA dose remained poorly correlated with other cardiac structures.

4. Discussion

In this prospective study of 101 BC patients treated with 3D-CRT without chemother-
apy, seven patients (all left-sided BC), followed for 2 years, developed coronary atheroscle-
rotic calcified and/or non-calcified plaques, characterized by an increase in the number of
plaques from baseline to RT + 2 years, mainly located in the LAD. We observed a significant
dose–response relationship between atherosclerotic plaque development and mean doses
to the left main and circumflex coronary arteries. This association was also observed by
analyzing specifically calcified or non-calcified plaque.

Traditional stress tests used to diagnose coronary artery disease only detect flow-
limiting stenosis and may miss early coronary atherosclerosis. In our study, which aimed to
investigate early coronary atherosclerosis arising within 2 years after RT for BC, all patients
were asymptomatic, and we only observed one patient with severe stenosis (>50%) after
RT, illustrating the interest of using non-invasive imaging of coronary plaques to enhance
the understanding of early atherosclerosis and its pathogenesis. Coronary CT angiography
gives detailed information about non-obstructive atherosclerosis, useful to evaluate the
risk of acute coronary syndromes which are frequently caused by non-obstructive coronary
plaques [24]. Coronary atherosclerotic plaques can be classified as calcified, non-calcified,
or mixed [11]. Previous studies, including ours, showed an association between cardiac
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exposure and increased coronary artery calcium score [6,17,25]. Although the coronary
artery calcium score serves as a surrogate for total coronary atherosclerotic burden, and
correlates with risk of mortality, [26] it does not consider non-calcified plaque, which may
be more relevant for risk assessment [27,28]. Non-calcified coronary plaques can even be
found in individuals who have zero coronary calcium scores and literature shows that
non-calcified atherosclerotic plaques are more metabolically active than heavily calcified
plaques and are associated with increased risk of acute coronary syndromes [29,30].

The study presented here, is the first study on BC patients treated with RT that
investigated coronary atherosclerotic plaques classified as calcified or non-calcified [11]. We
observed not only the apparition of calcified plaques in five patients (which can be due to the
aging process as well as stabilization of non-calcified plaques during this two years of the
follow-up period), but also the apparition of non-calcified plaques in four patients. Plaque
instability is related to the degree of ongoing inflammation and plaque composition [31].
Non-calcified atherosclerotic plaques are associated with increased risk of acute coronary
syndromes due to the early rupture and shedding of the plaques in contrast to calcified
plaques which are considered stable [29]. Non-calcified coronary plaque and the total
plaque burden of the coronary arteries, even of only one segment, are associated with an
increased risk of cardiovascular events [32].

The pathophysiology of radiation-induced coronary artery disease is considered to be
a result of accelerated atherosclerotic disease of the coronaries [33]. Among the five patients
with an increased number of calcified plaques, three patients had no plaque at baseline. It
raises the question whether non-calcified plaques may have appeared after RT but before
RT + 2 years and rapidly calcified in time. Calcification enters later during the inflammatory
process to stabilize the plaque and avoid shedding [34]. It might take five years for
calcification to occur in coronary arteries [35]. Our results may thus be coherent with the
concept that the RT accelerates the process of already existing atheromatous plaques [36].
In addition, the four patients with non-calcified plaques development had no plaque at
baseline. Our results, thus, also suggest that RT not only has impact on previously existing
plaques but may also initiate the apparition of (non-calcified) plaques.

In our study, 37 (36.6%) patients had atherosclerotic plaques at baseline, and 42 (41.6%)
patients at the end of the follow-up 2 years after RT. In the general population, data on
the prevalence of the presence of atherosclerotic plaques were published from a large
Swedish study of 30,000 individuals [37]. The prevalence of atherosclerotic plaque was
29.3% for women aged 55–59 years old and 40.1% for women aged 60–64 years old. In
our study, the mean age at baseline was 58.4 years, and we observed 36.6% with any
atherosclerotic plaque at baseline, reaching 41.6% two years after RT. These prevalences are
quite consistent with the Swedish general population study. We observed development of
atherosclerotic plaques in a small subset of breast cancer after radiotherapy (7 patients).
Regarding the development of plaques with a follow-up of 2 years, a study was performed
in patients who presented with acute chest pain to the emergency room but had initially
no evidence for acute coronary syndrome [38]. A 12.7% increase in the mean number of
segments containing any plaque was observed in this specific population. Age > 64 years
was the most important risk factor of plaque progression, and at a lower-level hypertension,
diabetes, statin use, history of CAD. In our study, 6.9% of patients had an increased
number of plaques at the 2 year follow-up, and we found no significant difference in
either age or several other risk factors between patients with plaque development and
patients without plaque development, except for diabetes. In our study, based on few cases,
the development of atherosclerotic plaques was thus not associated with age and other
factors. However, we observed a dose–response relationship with coronary artery exposure,
which is an important argument in the plausibility for causal relationship between RT and
plaque development.

For both type of plaques, mainly localized in the LAD, an association between mean
doses to the left main and circumflex coronary was observed. However, no significant
association with mean dose to the LAD was observed. By analyzing correlations between



J. Cardiovasc. Dev. Dis. 2023, 10, 299 11 of 14

mean doses to different cardiac substructures, we found that LM and CX were highly
correlated (r2 = 0.73) together, but poorly correlated with other cardiac structure such as
the whole heart, left ventricle, and LAD (r2 < 0.52). This can explain why both LM and
CX were both linked to plaque development. The absence of association with mean LAD
dose is surprising but could suggest that mean LAD doses may present limits for detailed
investigation of plaques along the LAD and lack of precision to consider heterogeneity of
dose from the upper part to the lower part of the LAD. LM or CX may be better proxies of
average exposure than LAD dose even if plaques are located in LAD. For future studies,
it could be interesting to have a very detailed dosimetry at the scale of segments of these
coronary arteries to evaluate the segmental heterogeneity.

Limitations

Our results are limited by the small size of the population and the small number of
patients with the event of interest. However, this is the first study which investigated
early coronary atherosclerotic plaques development, both calcified and non-calcified, based
on coronary CT angiography performed at baseline before RT and 2 years after RT in a
population of BC patient treated with RT without chemotherapy. We did not evaluate the
impact of RT and radiation dose on the degree of stenosis. We observed that only one
left-sided BC patient developed clinically significant coronary artery stenosis (>50%) two
years after RT. With a longer follow-up, we could hypothesize that additional patients could
develop clinically significant stenosis, requiring specific medical care. None of the classic
cardiovascular risk factors was significantly associated with our outcome, except diabetes,
but due to a very limited number of events, we could not conduct multivariable analyses.
As a consequence, we could not evaluate the combined effect of radiotherapy and other
risk factors. Information on statin use was collected at baseline but not after RT; therefore,
we could not analyze the possible impact of statins or other cholesterol lowering drugs
initiated after the RT that could have influenced plaque development. Thus, further studies
are needed, with larger sample sizes, such as the MEDIRAD EARLY-HEART study [39] and
longer follow-up to further explore in detail the initiation and progression of the coronary
atherosclerotic plaques.

5. Conclusions

During the course of 2 years, coronary atherosclerotic plaque development can be
observed in BC patients treated with RT and is associated with radiation exposure to
coronary arteries. Both calcified and non-calcified plaques development can be observed,
suggesting that RT-induced cardiac radiation exposure accelerates the process of already
existing atheromatous plaques (calcified plaques) but may also initiate the apparition of de
novo plaques (non-calcified). Further studies remain needed to confirm these results.
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Appendix A

Table A1. Correlation matrix of mean doses to cardiac sub-structures.

Heart LV LM LAD CX RCA
Heart 1.00

LV 0.87 1.00
LM 0.56 0.40 1.00

LAD 0.81 0.77 0.43 1.00
CX 0.55 0.52 0.73 0.44 1.00

RCA 0.05 −0.17 0.30 −0.15 −0.09 1.00
LV: Left Ventricle; LM: Left Main coronary artery; LAD: Left Anterior Descending artery; CX: Circumflex coronary
artery; RCA: Right Coronary artery. Statistically significant correlation Pearson coefficients in bold. Blue cardiac
structures are well correlated with each other (r2 > 0.70); Orange cardiac structures are well correlated with each
other (r2 > 0.70).

Table A2. Description of localization of plaques and among the N = 7 patients with atherosclerotic
plaque development.

Coronary Artery 1 LM LAD CX RCA

Patient\Segment 5 6 7 8 9 11 10 12 13 14 1 2 3 4
DJ070
OE050
MM003
GM007
TA048
BA068
MI110

J. Cardiovasc. Dev. Dis. 2023, 10, 299 13 of 15 
 

 

Table A2. Description of localization of plaques and among the N = 7 patients with atherosclerotic 

plaque development. 

Coronary Artery 1 LM LAD CX RCA 

Patient\Segment  5 6 7 8 9 11 10 12 13 14 1 2 3 4 

DJ070               

OE050               

MM003               

GM007               

TA048               

BA068               

MI110               

 Emergence of new plaque.  Existent plaque. 1 LM : Left Main, LAD : Left anterior 

descending, CX : Circumflex, RCA : Right coronary artery. See Figure 1 for segment num-

bering. 

References 

1. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of 

incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394–424. 

https://doi.org/10.3322/caac.21492. 

2. Begg, A.C.; Stewart, F.A.; Vens, C. Strategies to improve radiotherapy with targeted drugs. Nat. Rev. Cancer 2011, 11, 239–253. 

https://doi.org/10.1038/nrc3007. 

3. Delaney, G.; Jacob, S.; Featherstone, C.; Barton, M. The role of radiotherapy in cancer treatment: Estimating optimal utilization 

from a review of evidence-based clinical guidelines. Cancer 2005, 104, 1129–1137. https://doi.org/10.1002/cncr.21324. 

4. Haussmann, J.; Corradini, S.; Nestle-Kraemling, C.; Bölke, E.; Njanang, F.J.D.; Tamaskovics, B.; Orth, K.; Ruckhaeberle, E.; Fehm, 

T.; Mohrmann, S.; et al. Recent advances in radiotherapy of breast cancer. Radiat. Oncol. 2020, 15, 71. 

https://doi.org/10.1186/s13014-020-01501-x. 

5. Chang, H.-M.; Moudgil, R.; Scarabelli, T.; Okwuosa, T.M.; Yeh, E.T.H. Cardiovascular Complications of Cancer Therapy. J. Am. 

Coll. Cardiol. 2017, 70, 2536–2551. https://doi.org/10.1016/j.jacc.2017.09.1096. 

6. Early Breast Cancer Trialists’ Collaborative Group (EBCTCG); Darby, S.; McGale, P.; Correa, C.; Taylor, C.; Arriagada, R.; Clarke, 

M.; Cutter, D.; Davies, C.; Ewertz, M.; et al. Effect of radiotherapy after breast-conserving surgery on 10-year recurrence and 

15-year breast cancer death: Meta-analysis of individual patient data for 10,801 women in 17 randomised trials. Lancet Lond. 

Engl. 2011, 378, 1707–1716. https://doi.org/10.1016/S0140-6736(11)61629-2. 

7. Raghunathan, D.; Khilji, M.I.; Hassan, S.A.; Yusuf, S.W. Radiation-Induced Cardiovascular Disease. Curr. Atheroscler. Rep. 2017, 

19, 22. https://doi.org/10.1007/s11883-017-0658-x. 

8. Darby, S.C.; Ewertz, M.; McGale, P.; Bennet, A.M.; Blom-Goldman, U.; Brønnum, D.; Correa, C.; Cutter, D.; Gagliardi, G.; 

Gigante, B.; et al. Risk of ischemic heart disease in women after radiotherapy for breast cancer. N. Engl. J. Med. 2013, 368, 987–

998. https://doi.org/10.1056/NEJMoa1209825. 

9. van den Bogaard, V.A.B.; Ta, B.D.P.; van der Schaaf, A.; Bouma, A.B.; Middag, A.M.H.; Bantema-Joppe, E.J.; van Dijk, L.V.; van 

Dijk-Peters, F.B.J.; Marteijn, L.A.W.; de Bock, G.H.; et al. Validation and Modification of a Prediction Model for Acute Cardiac 

Events in Patients With Breast Cancer Treated With Radiotherapy Based on Three-Dimensional Dose Distributions to Cardiac 

Substructures. J. Clin. Oncol. 2017, 35, 1171–1178. https://doi.org/10.1200/JCO.2016.69.8480. 

10. Insull, W. The pathology of atherosclerosis: Plaque development and plaque responses to medical treatment. Am. J. Med. 2009, 

122, S3–S14. https://doi.org/10.1016/j.amjmed.2008.10.013. 

11. Hetterich, H.; Webber, N.; Willner, M.; Herzen, J.; Birnbacher, L.; Hipp, A.; Marschner, M.; Auweter, S.D.; Habbel, C.; Schüller, 

U.; et al. AHA classification of coronary and carotid atherosclerotic plaques by grating-based phase-contrast computed 

tomography. Eur. Radiol. 2016, 26, 3223–3233. https://doi.org/10.1007/s00330-015-4143-z. 

12. Shreya, D.; Zamora, D.I.; Patel, G.S.; Grossmann, I.; Rodriguez, K.; Soni, M.; Joshi, P.K.; Patel, S.C.; Sange, I. Coronary Artery 

Calcium Score—A Reliable Indicator of Coronary Artery Disease? Cureus 2021, 13, e20149. https://doi.org/10.7759/cureus.20149. 

13. Simonetto, C.; Kaiser, J.C.; van den Bogaard, V.A.B.; Langendijk, J.A.; Crijns, A.P.G. Breast Cancer Radiation Therapy and the 

Risk of Acute Coronary Events: Insights From a Process-Oriented Model. Int. J. Radiat. Oncol. 2022, 114, 409–415. 

https://doi.org/10.1016/j.ijrobp.2022.06.082. 

14. Roos, C.T.G.; van den Bogaard, V.A.B.; Greuter, M.J.W.; Vliegenthart, R.; Schuit, E.; Langendijk, J.A.; van der Schaaf, A.; Crijns, 

A.P.G.; Maduro, J.H. Is the coronary artery calcium score associated with acute coronary events in breast cancer patients treated 

with radiotherapy? Radiother. Oncol. J. Eur. Soc. Ther. Radiol. Oncol. 2018, 126, 170–176. 

https://doi.org/10.1016/j.radonc.2017.10.009. 

Emergence of new plaque.

J. Cardiovasc. Dev. Dis. 2023, 10, 299 13 of 15 
 

 

Table A2. Description of localization of plaques and among the N = 7 patients with atherosclerotic 

plaque development. 

Coronary Artery 1 LM LAD CX RCA 

Patient\Segment  5 6 7 8 9 11 10 12 13 14 1 2 3 4 

DJ070               

OE050               

MM003               

GM007               

TA048               

BA068               

MI110               

 Emergence of new plaque.  Existent plaque. 1 LM : Left Main, LAD : Left anterior 

descending, CX : Circumflex, RCA : Right coronary artery. See Figure 1 for segment num-

bering. 

References 

1. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of 

incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394–424. 

https://doi.org/10.3322/caac.21492. 

2. Begg, A.C.; Stewart, F.A.; Vens, C. Strategies to improve radiotherapy with targeted drugs. Nat. Rev. Cancer 2011, 11, 239–253. 

https://doi.org/10.1038/nrc3007. 

3. Delaney, G.; Jacob, S.; Featherstone, C.; Barton, M. The role of radiotherapy in cancer treatment: Estimating optimal utilization 

from a review of evidence-based clinical guidelines. Cancer 2005, 104, 1129–1137. https://doi.org/10.1002/cncr.21324. 

4. Haussmann, J.; Corradini, S.; Nestle-Kraemling, C.; Bölke, E.; Njanang, F.J.D.; Tamaskovics, B.; Orth, K.; Ruckhaeberle, E.; Fehm, 

T.; Mohrmann, S.; et al. Recent advances in radiotherapy of breast cancer. Radiat. Oncol. 2020, 15, 71. 

https://doi.org/10.1186/s13014-020-01501-x. 

5. Chang, H.-M.; Moudgil, R.; Scarabelli, T.; Okwuosa, T.M.; Yeh, E.T.H. Cardiovascular Complications of Cancer Therapy. J. Am. 

Coll. Cardiol. 2017, 70, 2536–2551. https://doi.org/10.1016/j.jacc.2017.09.1096. 

6. Early Breast Cancer Trialists’ Collaborative Group (EBCTCG); Darby, S.; McGale, P.; Correa, C.; Taylor, C.; Arriagada, R.; Clarke, 

M.; Cutter, D.; Davies, C.; Ewertz, M.; et al. Effect of radiotherapy after breast-conserving surgery on 10-year recurrence and 

15-year breast cancer death: Meta-analysis of individual patient data for 10,801 women in 17 randomised trials. Lancet Lond. 

Engl. 2011, 378, 1707–1716. https://doi.org/10.1016/S0140-6736(11)61629-2. 

7. Raghunathan, D.; Khilji, M.I.; Hassan, S.A.; Yusuf, S.W. Radiation-Induced Cardiovascular Disease. Curr. Atheroscler. Rep. 2017, 

19, 22. https://doi.org/10.1007/s11883-017-0658-x. 

8. Darby, S.C.; Ewertz, M.; McGale, P.; Bennet, A.M.; Blom-Goldman, U.; Brønnum, D.; Correa, C.; Cutter, D.; Gagliardi, G.; 

Gigante, B.; et al. Risk of ischemic heart disease in women after radiotherapy for breast cancer. N. Engl. J. Med. 2013, 368, 987–

998. https://doi.org/10.1056/NEJMoa1209825. 

9. van den Bogaard, V.A.B.; Ta, B.D.P.; van der Schaaf, A.; Bouma, A.B.; Middag, A.M.H.; Bantema-Joppe, E.J.; van Dijk, L.V.; van 

Dijk-Peters, F.B.J.; Marteijn, L.A.W.; de Bock, G.H.; et al. Validation and Modification of a Prediction Model for Acute Cardiac 

Events in Patients With Breast Cancer Treated With Radiotherapy Based on Three-Dimensional Dose Distributions to Cardiac 

Substructures. J. Clin. Oncol. 2017, 35, 1171–1178. https://doi.org/10.1200/JCO.2016.69.8480. 

10. Insull, W. The pathology of atherosclerosis: Plaque development and plaque responses to medical treatment. Am. J. Med. 2009, 

122, S3–S14. https://doi.org/10.1016/j.amjmed.2008.10.013. 

11. Hetterich, H.; Webber, N.; Willner, M.; Herzen, J.; Birnbacher, L.; Hipp, A.; Marschner, M.; Auweter, S.D.; Habbel, C.; Schüller, 

U.; et al. AHA classification of coronary and carotid atherosclerotic plaques by grating-based phase-contrast computed 

tomography. Eur. Radiol. 2016, 26, 3223–3233. https://doi.org/10.1007/s00330-015-4143-z. 

12. Shreya, D.; Zamora, D.I.; Patel, G.S.; Grossmann, I.; Rodriguez, K.; Soni, M.; Joshi, P.K.; Patel, S.C.; Sange, I. Coronary Artery 

Calcium Score—A Reliable Indicator of Coronary Artery Disease? Cureus 2021, 13, e20149. https://doi.org/10.7759/cureus.20149. 

13. Simonetto, C.; Kaiser, J.C.; van den Bogaard, V.A.B.; Langendijk, J.A.; Crijns, A.P.G. Breast Cancer Radiation Therapy and the 

Risk of Acute Coronary Events: Insights From a Process-Oriented Model. Int. J. Radiat. Oncol. 2022, 114, 409–415. 

https://doi.org/10.1016/j.ijrobp.2022.06.082. 

14. Roos, C.T.G.; van den Bogaard, V.A.B.; Greuter, M.J.W.; Vliegenthart, R.; Schuit, E.; Langendijk, J.A.; van der Schaaf, A.; Crijns, 

A.P.G.; Maduro, J.H. Is the coronary artery calcium score associated with acute coronary events in breast cancer patients treated 

with radiotherapy? Radiother. Oncol. J. Eur. Soc. Ther. Radiol. Oncol. 2018, 126, 170–176. 

https://doi.org/10.1016/j.radonc.2017.10.009. 

Existent plaque. 1 LM: Left Main, LAD: Left anterior descending, CX:
Circumflex, RCA: Right coronary artery. See Figure 1 for segment numbering.

References
1. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of

incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394–424. [CrossRef] [PubMed]
2. Begg, A.C.; Stewart, F.A.; Vens, C. Strategies to improve radiotherapy with targeted drugs. Nat. Rev. Cancer 2011, 11, 239–253.

[CrossRef]
3. Delaney, G.; Jacob, S.; Featherstone, C.; Barton, M. The role of radiotherapy in cancer treatment: Estimating optimal utilization

from a review of evidence-based clinical guidelines. Cancer 2005, 104, 1129–1137. [CrossRef] [PubMed]
4. Haussmann, J.; Corradini, S.; Nestle-Kraemling, C.; Bölke, E.; Njanang, F.J.D.; Tamaskovics, B.; Orth, K.; Ruckhaeberle, E.; Fehm,

T.; Mohrmann, S.; et al. Recent advances in radiotherapy of breast cancer. Radiat. Oncol. 2020, 15, 71. [CrossRef]
5. Chang, H.-M.; Moudgil, R.; Scarabelli, T.; Okwuosa, T.M.; Yeh, E.T.H. Cardiovascular Complications of Cancer Therapy. J. Am.

Coll. Cardiol. 2017, 70, 2536–2551. [CrossRef]
6. Early Breast Cancer Trialists’ Collaborative Group (EBCTCG); Darby, S.; McGale, P.; Correa, C.; Taylor, C.; Arriagada, R.; Clarke,

M.; Cutter, D.; Davies, C.; Ewertz, M.; et al. Effect of radiotherapy after breast-conserving surgery on 10-year recurrence and
15-year breast cancer death: Meta-analysis of individual patient data for 10,801 women in 17 randomised trials. Lancet Lond. Engl.
2011, 378, 1707–1716. [CrossRef]

7. Raghunathan, D.; Khilji, M.I.; Hassan, S.A.; Yusuf, S.W. Radiation-Induced Cardiovascular Disease. Curr. Atheroscler. Rep. 2017,
19, 22. [CrossRef]

8. Darby, S.C.; Ewertz, M.; McGale, P.; Bennet, A.M.; Blom-Goldman, U.; Brønnum, D.; Correa, C.; Cutter, D.; Gagliardi, G.; Gigante,
B.; et al. Risk of ischemic heart disease in women after radiotherapy for breast cancer. N. Engl. J. Med. 2013, 368, 987–998.
[CrossRef]

9. van den Bogaard, V.A.B.; Ta, B.D.P.; van der Schaaf, A.; Bouma, A.B.; Middag, A.M.H.; Bantema-Joppe, E.J.; van Dijk, L.V.; van
Dijk-Peters, F.B.J.; Marteijn, L.A.W.; de Bock, G.H.; et al. Validation and Modification of a Prediction Model for Acute Cardiac
Events in Patients With Breast Cancer Treated With Radiotherapy Based on Three-Dimensional Dose Distributions to Cardiac
Substructures. J. Clin. Oncol. 2017, 35, 1171–1178. [CrossRef]

https://doi.org/10.3322/caac.21492
https://www.ncbi.nlm.nih.gov/pubmed/30207593
https://doi.org/10.1038/nrc3007
https://doi.org/10.1002/cncr.21324
https://www.ncbi.nlm.nih.gov/pubmed/16080176
https://doi.org/10.1186/s13014-020-01501-x
https://doi.org/10.1016/j.jacc.2017.09.1096
https://doi.org/10.1016/S0140-6736(11)61629-2
https://doi.org/10.1007/s11883-017-0658-x
https://doi.org/10.1056/NEJMoa1209825
https://doi.org/10.1200/JCO.2016.69.8480


J. Cardiovasc. Dev. Dis. 2023, 10, 299 13 of 14

10. Insull, W. The pathology of atherosclerosis: Plaque development and plaque responses to medical treatment. Am. J. Med. 2009,
122, S3–S14. [CrossRef]

11. Hetterich, H.; Webber, N.; Willner, M.; Herzen, J.; Birnbacher, L.; Hipp, A.; Marschner, M.; Auweter, S.D.; Habbel, C.; Schüller, U.;
et al. AHA classification of coronary and carotid atherosclerotic plaques by grating-based phase-contrast computed tomography.
Eur. Radiol. 2016, 26, 3223–3233. [CrossRef] [PubMed]

12. Shreya, D.; Zamora, D.I.; Patel, G.S.; Grossmann, I.; Rodriguez, K.; Soni, M.; Joshi, P.K.; Patel, S.C.; Sange, I. Coronary Artery
Calcium Score—A Reliable Indicator of Coronary Artery Disease? Cureus 2021, 13, e20149. [CrossRef] [PubMed]

13. Simonetto, C.; Kaiser, J.C.; van den Bogaard, V.A.B.; Langendijk, J.A.; Crijns, A.P.G. Breast Cancer Radiation Therapy and the Risk
of Acute Coronary Events: Insights From a Process-Oriented Model. Int. J. Radiat. Oncol. 2022, 114, 409–415. [CrossRef]

14. Roos, C.T.G.; van den Bogaard, V.A.B.; Greuter, M.J.W.; Vliegenthart, R.; Schuit, E.; Langendijk, J.A.; van der Schaaf, A.; Crijns,
A.P.G.; Maduro, J.H. Is the coronary artery calcium score associated with acute coronary events in breast cancer patients treated
with radiotherapy? Radiother. Oncol. J. Eur. Soc. Ther. Radiol. Oncol. 2018, 126, 170–176. [CrossRef]

15. Honaryar, M.K.; Allodji, R.; Ferrières, J.; Panh, L.; Locquet, M.; Jimenez, G.; Lapeyre, M.; Camilleri, J.; Broggio, D.; de Vathaire, F.;
et al. Early Coronary Artery Calcification Progression over Two Years in Breast Cancer Patients Treated with Radiation Therapy:
Association with Cardiac Exposure (BACCARAT Study). Cancers 2022, 14, 5724. [CrossRef] [PubMed]

16. Lai, Y.-H.; Chen, H.H.W.; Tsai, Y.-S. Accelerated coronary calcium burden in breast cancer patients after radiotherapy: A
comparison with age and race matched healthy women. Radiat. Oncol. 2021, 16, 210. [CrossRef]

17. Lee, S.-E.; Sung, J.M.; Rizvi, A.; Lin, F.Y.; Kumar, A.; Hadamitzky, M.; Kim, Y.-J.; Conte, E.; Andreini, D.; Pontone, G.; et al.
Quantification of Coronary Atherosclerosis in the Assessment of Coronary Artery Disease. Circ. Cardiovasc. Imaging 2018,
11, e007562. [CrossRef]

18. Achenbach, S.; Moselewski, F.; Ropers, D.; Ferencik, M.; Hoffmann, U.; MacNeill, B.; Pohle, K.; Baum, U.; Anders, K.; Jang, I.; et al.
Detection of Calcified and Noncalcified Coronary Atherosclerotic Plaque by Contrast-Enhanced, Submillimeter Multidetector
Spiral Computed Tomography. Circulation 2004, 109, 14–17. [CrossRef]

19. Hou, Z.; Lu, B.; Gao, Y.; Jiang, S.; Wang, Y.; Li, W.; Budoff, M.J. Prognostic Value of Coronary CT Angiography and Calcium Score
for Major Adverse Cardiac Events in Outpatients. JACC Cardiovasc. Imaging 2012, 5, 990–999. [CrossRef]

20. Narula, J.; Nakano, M.; Virmani, R.; Kolodgie, F.D.; Petersen, R.; Newcomb, R.; Malik, S.; Fuster, V.; Finn, A.V. Histopathologic
characteristics of atherosclerotic coronary disease and implications of the findings for the invasive and noninvasive detection of
vulnerable plaques. J. Am. Coll. Cardiol. 2013, 61, 1041–1051. [CrossRef]

21. Jacob, S.; Pathak, A.; Franck, D.; Latorzeff, I.; Jimenez, G.; Fondard, O.; Lapeyre, M.; Colombier, D.; Bruguiere, E.; Lairez, O.; et al.
Early detection and prediction of cardiotoxicity after radiation therapy for breast cancer: The BACCARAT prospective cohort
study. Radiat. Oncol. Lond. Engl. 2016, 11, 54. [CrossRef] [PubMed]

22. Gagliardi, G.; Constine, L.S.; Moiseenko, V.; Correa, C.; Pierce, L.J.; Allen, A.M.; Marks, L.B. Radiation dose-volume effects in the
heart. Int. J. Radiat. Oncol. Biol. Phys. 2010, 76, S77–S85. [CrossRef]

23. Jacob, S.; Camilleri, J.; Derreumaux, S.; Walker, V.; Lairez, O.; Lapeyre, M.; Bruguière, E.; Pathak, A.; Bernier, M.-O.; Laurier, D.;
et al. Is mean heart dose a relevant surrogate parameter of left ventricle and coronary arteries exposure during breast cancer
radiotherapy: A dosimetric evaluation based on individually-determined radiation dose (BACCARAT study). Radiat. Oncol.
2019, 14, 29. [CrossRef]

24. Priester, T.C.; Litwin, S.E. Measuring progression of coronary atherosclerosis with computed tomography: Searching for clarity
among shades of gray. J. Cardiovasc. Comput. Tomogr. 2009, 3 (Suppl. 2), S81–S90. [CrossRef]

25. Kim, K.; Chung, S.Y.; Oh, C.; Cho, I.; Kim, K.H.; Byun, H.K.; Yoon, H.I.; Oh, J.; Chang, J.S. Automated coronary artery calcium
scoring in patients with breast cancer to assess the risk of heart disease following adjuvant radiation therapy. Breast Edinb. Scotl.
2022, 65, 77–83. [CrossRef]

26. Budoff, M.J.; Shaw, L.J.; Liu, S.T.; Weinstein, S.R.; Mosler, T.P.; Tseng, P.H.; Flores, F.R.; Callister, T.Q.; Raggi, P.; Berman, D.S.
Long-term prognosis associated with coronary calcification: Observations from a registry of 25,253 patients. J. Am. Coll. Cardiol.
2007, 49, 1860–1870. [CrossRef]

27. Motoyama, S.; Sarai, M.; Harigaya, H.; Anno, H.; Inoue, K.; Hara, T.; Naruse, H.; Ishii, J.; Hishida, H.; Wong, N.D.; et al. Computed
tomographic angiography characteristics of atherosclerotic plaques subsequently resulting in acute coronary syndrome. J. Am.
Coll. Cardiol. 2009, 54, 49–57. [CrossRef] [PubMed]

28. Virmani, R.; Burke, A.P.; Farb, A.; Kolodgie, F.D. Pathology of the vulnerable plaque. J. Am. Coll. Cardiol. 2006, 47, C13–C18.
[CrossRef] [PubMed]

29. Motoyama, S.; Ito, H.; Sarai, M.; Kondo, T.; Kawai, H.; Nagahara, Y.; Harigaya, H.; Kan, S.; Anno, H.; Takahashi, H.; et al. Plaque
Characterization by Coronary Computed Tomography Angiography and the Likelihood of Acute Coronary Events in Mid-Term
Follow-Up. J. Am. Coll. Cardiol. 2015, 66, 337–346. [CrossRef]

30. Kuneman, J.H.; van den Hoogen, I.J.; Schultz, J.; Maaniitty, T.; van Rosendael, A.R.; Kamperidis, V.; de Graaf, M.A.; Broersen, A.;
Jukema, J.W.; Bax, J.J.; et al. Plaque volume, composition, and fraction versus ischemia and outcomes in patients with coronary
artery disease. J. Cardiovasc. Comput. Tomogr. 2023, 17, 177–184. [CrossRef]

31. Falk, E.; Shah, P.K.; Fuster, V. Coronary plaque disruption. Circulation 1995, 92, 657–671. [CrossRef] [PubMed]
32. Plank, F.; Friedrich, G.; Dichtl, W.; Klauser, A.; Jaschke, W.; Franz, W.-M.; Feuchtner, G. The diagnostic and prognostic value of

coronary CT angiography in asymptomatic high-risk patients: A cohort study. Open Heart 2014, 1, e000096. [CrossRef]

https://doi.org/10.1016/j.amjmed.2008.10.013
https://doi.org/10.1007/s00330-015-4143-z
https://www.ncbi.nlm.nih.gov/pubmed/26679184
https://doi.org/10.7759/cureus.20149
https://www.ncbi.nlm.nih.gov/pubmed/35003981
https://doi.org/10.1016/j.ijrobp.2022.06.082
https://doi.org/10.1016/j.radonc.2017.10.009
https://doi.org/10.3390/cancers14235724
https://www.ncbi.nlm.nih.gov/pubmed/36497205
https://doi.org/10.1186/s13014-021-01936-w
https://doi.org/10.1161/CIRCIMAGING.117.007562
https://doi.org/10.1161/01.CIR.0000111517.69230.0F
https://doi.org/10.1016/j.jcmg.2012.06.006
https://doi.org/10.1016/j.jacc.2012.10.054
https://doi.org/10.1186/s13014-016-0627-5
https://www.ncbi.nlm.nih.gov/pubmed/27056179
https://doi.org/10.1016/j.ijrobp.2009.04.093
https://doi.org/10.1186/s13014-019-1234-z
https://doi.org/10.1016/j.jcct.2009.10.011
https://doi.org/10.1016/j.breast.2022.07.003
https://doi.org/10.1016/j.jacc.2006.10.079
https://doi.org/10.1016/j.jacc.2009.02.068
https://www.ncbi.nlm.nih.gov/pubmed/19555840
https://doi.org/10.1016/j.jacc.2005.10.065
https://www.ncbi.nlm.nih.gov/pubmed/16631505
https://doi.org/10.1016/j.jacc.2015.05.069
https://doi.org/10.1016/j.jcct.2023.02.004
https://doi.org/10.1161/01.CIR.92.3.657
https://www.ncbi.nlm.nih.gov/pubmed/7634481
https://doi.org/10.1136/openhrt-2014-000096


J. Cardiovasc. Dev. Dis. 2023, 10, 299 14 of 14

33. da Silva, R.M.F.L. Effects of Radiotherapy in Coronary Artery Disease. Curr. Atheroscler. Rep. 2019, 21, 50. [CrossRef] [PubMed]
34. Thomas, I.C.; Forbang, N.I.; Criqui, M.H. The evolving view of coronary artery calcium and cardiovascular disease risk. Clin.

Cardiol. 2018, 41, 144–150. [CrossRef]
35. Diederichsen, S.Z.; Grønhøj, M.H.; Mickley, H.; Gerke, O.; Steffensen, F.H.; Lambrechtsen, J.; Rønnow Sand, N.P.; Rasmussen,

L.M.; Olsen, M.H.; Diederichsen, A. CT-Detected Growth of Coronary Artery Calcification in Asymptomatic Middle-Aged
Subjects and Association With 15 Biomarkers. JACC Cardiovasc. Imaging 2017, 10, 858–866. [CrossRef]

36. van den Bogaard, V.A.B.; Spoor, D.S.; van der Schaaf, A.; van Dijk, L.V.; Schuit, E.; Sijtsema, N.M.; Langendijk, J.A.; Maduro, J.H.;
Crijns, A.P.G. The Importance of Radiation Dose to the Atherosclerotic Plaque in the Left Anterior Descending Coronary Artery
for Radiation-Induced Cardiac Toxicity of Breast Cancer Patients? Int. J. Radiat. Oncol. Biol. Phys. 2021, 110, 1350–1359. [CrossRef]
[PubMed]

37. Bergström, G.; Persson, M.; Adiels, M.; Björnson, E.; Bonander, C.; Ahlström, H.; Alfredsson, J.; Angerås, O.; Berglund, G.;
Blomberg, A.; et al. Prevalence of Subclinical Coronary Artery Atherosclerosis in the General Population. Circulation 2021, 144,
916–929. [CrossRef]

38. Lehman, S.J.; Schlett, C.L.; Bamberg, F.; Lee, H.; Donnelly, P.; Shturman, L.; Kriegel, M.F.; Brady, T.J.; Hoffmann, U. Assessment of
coronary plaque progression in coronary computed tomography angiography using a semiquantitative score. JACC Cardiovasc.
Imaging 2009, 2, 1262–1270. [CrossRef]

39. Walker, V.; Crijns, A.; Langendijk, J.; Spoor, D.; Vliegenthart, R.; Combs, S.E.; Mayinger, M.; Eraso, A.; Guedea, F.; Fiuza, M.;
et al. Early Detection of Cardiovascular Changes After Radiotherapy for Breast Cancer: Protocol for a European Multicenter
Prospective Cohort Study (MEDIRAD EARLY HEART Study). JMIR Res. Protoc. 2018, 7, e178. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s11883-019-0810-x
https://www.ncbi.nlm.nih.gov/pubmed/31741087
https://doi.org/10.1002/clc.22842
https://doi.org/10.1016/j.jcmg.2017.05.010
https://doi.org/10.1016/j.ijrobp.2021.03.004
https://www.ncbi.nlm.nih.gov/pubmed/33713741
https://doi.org/10.1161/CIRCULATIONAHA.121.055340
https://doi.org/10.1016/j.jcmg.2009.07.007
https://doi.org/10.2196/resprot.9906

	Introduction 
	Materials and Methods 
	Study Design and Population 
	Radiotherapy 
	Radiation Doses 
	Coronary CT Angiography 
	Acquisition 
	Analysis 
	Definition of Endpoints 

	Clinical Covariates 
	Statistical Analyses 

	Results 
	Baseline Characteristics of the Study Population 
	Atherosclerotic Plaque Description at Baseline and 2 Years after RT 
	Association between Radiation Doses and Atherosclerotic Plaque Development 

	Discussion 
	Conclusions 
	Appendix A
	References

