N
N

N

HAL

open science

Cancer therapy-related cardiac dysfunction after
radiation therapy for breast cancer: results from the
BACCARAT cohort study
M K Honaryar, M Locquet, R Allodji, G Jimenez, B Pinel, O Lairez, L. Panh,

J Camilleri, David Broggio, J Ferrieres, et al.

» To cite this version:

M K Honaryar, M Locquet, R Allodji, G Jimenez, B Pinel, et al.. Cancer therapy-related cardiac
dysfunction after radiation therapy for breast cancer: results from the BACCARAT cohort study.

Cardio-Oncology, 2024, 10 (1), pp.54. 10.1186/s40959-024-00255-9 . hal-04699824

HAL Id: hal-04699824
https://hal.science/hal-04699824

Submitted on 17 Sep 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License


https://hal.science/hal-04699824
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Honaryar et al. Cardio-Oncology (2024) 10:54 Cardio_Onco|ogy
https://doi.org/10.1186/540959-024-00255-9

Cancer therapy-related cardiac dysfunction @
after radiation therapy for breast cancer:
results from the BACCARAT cohort study

M.K. Honaryar', M. Locquet’, R. Allodiji"*?, G. Jimenez*, B. Pinel*, O. Lairez®, L. Panh®, J. Camilleri*, D. Broggio’,
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Abstract

Background Radiation therapy (RT) for breast cancer (BC) can result in subtle cardiac dysfunction that can occur
early after treatment. In 2022, the European Society of Cardiology (ESC) published the first guidelines in cardio-
oncology with a harmonized definition of cancer therapy-related cardiac dysfunction (CTRCD). The aim of this study
was to evaluate CTRCD occurrence over 24 months of follow-up after RT in BC patients and to analyze the association
with cardiac radiation exposure.

Methods The prospective monocentric BACCARAT study included BC patients treated with RT without
chemotherapy, aged 40-75 years, with conventional and 2D Speckle tracking echocardiography performed before RT,
6 and 24 months after RT. Based on ESC cardio-oncology guidelines, CTRCD and corresponding severity were defined
with left ventricle ejection fraction and global longitudinal strain decrease, occurring at 6 or 24 months after RT.
Dosimetry for whole heart, left ventricle (LV) and left coronary artery (left anterior descending and circumflex arteries
(CX)) was considered to evaluate the association with CTRCD, based on logistic regressions (Odds Ratio — OR and 95%
confidence interval — 95%Cl). Youden index based on receiver operating characteristic curve analysis was used to
identify the optimal threshold of dose-volume parameters for predicting CTRCD.

Results The study included 72 BC patients with a mean age of 58 +8.2 years. A total of 32 (44%) patients developed
CTRCD during follow-up: 20 (28%) mild CTRCD, 7 (9%) moderate CTRCD, and 5 (7%) severe CTRCD. Cardiac radiation
doses were generally higher among patients with CTRCD rather than non-CTRCD. Dose-response relationships were
significant for mean CX dose (OR=2.48, 95%Cl (1.12-5.51), p=0.02) and marginally significant for V2 of LV (OR=1.03
95%Cl (1.00-1.06), p=0.05). V2 of LV >36% and mean CX dose > 1.40 Gy thresholds were determined to be optimal for
predicting CTRCD.

Conclusion For BC patients treated with RT without chemotherapy, CTRCD can be observed in an important
proportion of the population over 24 months after treatment. Left ventricle and circumflex coronary artery exposure
were found to be associated with CTRCD and could be used for the prediction of such cardiotoxicity. Further research
remains needed to confirm these results.
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Background
Breast cancer (BC) is the most frequent cancer in women
[1]. Its management has evolved significantly over the
years, with multimodal approaches, including surgery,
chemotherapy, endocrine therapy, target agents, immune
therapy, and radiation therapy (RT), playing pivotal roles
in achieving favorable outcomes. Among these modali-
ties, RT has been widely used to target microscopic resid-
ual disease as an adjuvant treatment after surgery, reduce
local recurrence rates, and improve overall survival [2—4].
While RT has proven effective in treating BC, prior
studies have shown that RT can impact the heart. Car-
diac radiation exposure can lead to pathophysiological
changes that may result in short- and long-term radia-
tion-induced cardiac toxicities. Such toxicities, covering
a broad spectrum of possible manifestation, can cause
substantial morbidity and may manifest clinically in the
weeks to years after the completion of treatment, such
as coronary artery disease, one of the most frequent RT-
induced cardiac toxicity occurring several years after RT
for BC, established as dose-dependent [5-8].
Echocardiography is essential in early identification
and monitoring of cardiotoxicity related to cancer treat-
ment [9]. It has been the primary modality to monitor left
ventricular systolic dysfunction in cancer patients, and
the parameter examined in the context of cardiotoxicity
was the left ventricular ejection fraction (LVEF). How-
ever, LVEF has many limitations in recognizing subtle
variations in LV function. The global longitudinal strain
(GLS) assessment using speckle tracking echocardiogra-
phy is used for detecting and quantifying subtle distur-
bances in the global long-axis LV systolic function [10,
11]. Long before the onset of potential LV dysfunction
and heart failure, several studies based on populations
of BC patients treated with RT could observe a statisti-
cally significant decrease in GLS during follow-up with
a timeframe ranging from the end of RT to 6, 12 or 36
months after RT [12-18]. In contrast, most of these stud-
ies observed no significant change in LVEF. In a previous
6-month follow-up analysis of the BACCARAT study, the
occurrence of subclinical LV dysfunction (defined as rela-
tive decrease of GLS>10%) was associated with whole
heart and LV doses received during RT for BC [18]. These
results were confirmed in the European MEDIRAD
EARLY-HEART study [19]. However, limited results
from other studies were provided regarding the impact of
cardiac doses. Moreover, several definitions were used to
describe LV dysfunction, which led to potential discrep-
ancies between studies.

In 2022, the first ESC guidelines in cardio-oncology
introduced the descriptive term Cancer Therapy-Related
Cardiac Dysfunction (CTRCD), combining both infor-
mation on LVEF and GLS decrease from baseline [20].
There is still a lack of literature data about the effect of
RT on this newly defined CTRCD. Understanding the
interplay between RT for BC and CTRCD is, however,
essential for improved patient care as it could guide
preventive measures and enhance knowledge in cardio-
oncology towards more personalized and effective BC
management.

In this new analysis of the BACCARAT cohort, with an
enhanced follow-up of 24 months, we aimed to evaluate
the occurrence of CTRCD (early-term six months after
RT and/or mid-term 24 months after RT) and its asso-
ciation with radiotherapy-induced cardiac exposure, and
also to detect the most suitable dosimetry predictors of
subsequent CTRCD.

Methods
Study design and population
The protocol of the study has been described elsewhere
[21]. Briefly, between October 2015 and December 2017,
this prospective monocentric study included 113 BC
female patients aged 40 to 75 years, with left or right uni-
lateral BC, who underwent RT after breast-conserving
surgery, without chemotherapy, at the Clinique Pasteur
(Toulouse, France). Patients with metastatic BC, prior
thoracic RT, history of severe cardiovascular disease such
as coronary artery disease including acute myocardial
ischemia or infarction, renal failure, allergies to iodinated
contrast injection, and pregnancy were excluded.
Patients were included at baseline before RT with fol-
low-up visits at 6 and 24 months after RT, and the fol-
low-up period of the last patient ended in January 2020.
The patient’s medical history was collected at baseline,
and cardiac examinations, particularly echocardiography
examinations, were performed by cardiologists during
the programmed visit at baseline (i.e. before RT), 6 and
24 months after RT. After the exclusion of the patients
with incomplete echocardiographic follow-up data, the
study population presented here consisted of 72 patients
with complete echography measurements (both LVEF,
and GLS measurements) at baseline, six months, and 24
months after RT, as well as cardiac radiation dosimetry
data.

Radiotherapy
All patients were treated with three Dimensional Con-
formal Radiation Therapy (3D-CRT) with 6 and 25 MV
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photon beams by tangential fields second to the surgi-
cal treatment. Two modalities of the planning target
volume dose were applied. The first modality was to
administer 50 Gy (Gy) delivered in 25 daily fractions of
2 Gy over five weeks or 47 Gy delivered in 20 daily frac-
tions of 2.35 Gy over five weeks. This second fraction-
ation choice was only driven by the need to slightly limit
the number of sessions per patient due to the technical
problems that arose in one 3D-CRT machine from Jan-
uary 2016 to May 2016. Six MV photons were used for
most patients, except for a few patients with big breast
sizes, where 25 MV additional photons were used. An
extra 9-15 Gy boost might be applied to the tumor site
using photon/electron beams with energies ranging
from 6 MeV to 18 MeV. The treatment planning system
(TPS) applied to conduct dose calculations was Eclipse™
with the Analytical Anisotropic Algorithm (AAA version
13.6) (Varian Medical System, Palo Alto, CA, USA). Each
patient’s RT was planned in a manner in which the dose
distribution was optimized and normalized to the Inter-
national Commission on Radiation Units and Measure-
ments (ICRU) reference point of the breast cancer and
to achieve QUANTEC dose constraints to organs at risk,
including the whole heart [22]. Deep inspiration breath
hold was used for very few patients treated for left-sided
breast cancer with heart very close to the anterior chest
wall and for QUANTEC dose constraints achievement
(volume of heart receiving at least 25 Gy (V25) less than
10%).

Cardiac dosimetry

The methods of evaluating cardiac radiation doses in
the BACCARAT cohort were already described else-
where [21, 23]. Clinic Pasteur RT department provided
the Dose-Volume Histograms (DVHs) for the whole
heart. The delineation of the other cardiac structures

Page 3 of 11

(left ventricle (LV) and left coronary artery, including left
anterior decreasing coronary artery (LAD), circumflex
coronary artery (Cx), and right coronary artery (RCA))
were performed manually (Fig. 1A). Using the 3D dose
matrix made during planning treatment and the delin-
eated substructure, DVH for cardiac structures was pro-
duced with ISOGray TPS by the dosimetry department of
IRSN in partnership with the Clinic Pasteur RT depart-
ment. This study focussed on left ventricular cardiac
dysfunction (CTRCD), and we thus focussed on the fol-
lowing heart substructures: the whole heart, left ventri-
cle, and the left coronary artery that carries blood to the
left part of the heart (LAD and CX) (Fig. 1B). The follow-
ing absorbed dose metrics for the cardiac substructures
were collected: Dmean (in Gy), the volume-weighted
mean dose; D2 (in Gy), the minimal dose absorbed by the
most irradiated 2% of the structure volume, which can be
considered as a substitute for maximum dose; V2 (in %)
the relative volumes exposed to at least to 2 Gy.

Clinical evaluation and echocardiography

Cardiotoxicity related to cancer treatment was assessed
through a combination of clinical evaluation and imag-
ing techniques performed at baseline before RT, 6 and
24 months after RT. During clinical evaluation with car-
diologist: Medical history included detailed patient his-
tory including pre-existing cardiovascular conditions,
family history of heart disease, and lifestyle factors (e.g.,
smoking, alcohol use); Symptoms included inquiry
about symptoms such as chest pain, shortness of breath,
fatigue, palpitations, and swelling in the legs or abdo-
men; Physical Examination included assessment of heart
rate, blood pressure, jugular venous pressure, peripheral
edema, and auscultation for heart sounds and murmurs.
Imaging techniques, further described below, was based
on echocardiography to monitor heart function where

Fig. 1 AThree-dimensional coronary segments view with the Left Anterior Descending Coronary artery (LAD) and the circumflex coronary artery (CX). B
CT dose-planned left tangential breast irradiation showing isodoses and delineated structures: Heart, left ventricle (LV), Left anterior descending coronary

artery (LAD) and Circumflex coronary artery (CX)
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Left Ventricular Ejection Fraction (LVEF) was a primary
measure for assessing systolic function and Global Longi-
tudinal Strain (GLS) was used to detect early myocardial
dysfunction before a decrease in LVEF is apparent.

An exhaustive 2-dimensional (2D) echocardiogra-
phy examination was done at baseline before RT, at six
months, and 24 months after RT using a commercially
available ultrasound Acuson S2000 (Siemens Medical
Solutions USA, Inc. Malvern, USA), using a 3 MHz car-
diologic probe transducer. The echographic data were
independently analyzed by a single-blinded cardiolo-
gist unaware of the patient’s medical history and clini-
cal examination. Biplane Simpson’s method from apical
two- and four-chamber windows was used to measure LV
ejection fraction (LVEF). Strains were calculated using
2D speckle tracking echocardiography (2D-STE) and
the automated function imaging technique for tracking
acoustic markers (speckles) [24]. We used the 2DSTE
vendor offline Syngo Velocity Vector Imaging 2.0 soft-
ware (Siemens Medical Solutions USA, Inc., Moutain
View, Calif, USA). Based on the American Society of
Echocardiography guidelines, images were analyzed in a
16-segment model [25]. All segmental values were aver-
aged GLS, in %.

CTRCD events definition

Based on ESC guidelines in cardio-oncology [20], symp-
tomatic CTRCD was defined by the presence of heart
failure (incapacity of the heart to pomp enough blood to
the tissues) and asymptomatic CTRCD was defined as
follows:

+ Severe CTRCD: New LVEF reduction to <40%.

+ Moderate CTRCD: New LVEF reduction by
>10% points to an LVEF of 40-49% OR New LVEF
reduction by < 10% points to an LVEF of 40-49%
AND new relative decline in GLS by > 15% from
baseline

+ Mild CTRCD: LVEF >50% AND new relative decline
in GLS by >15% from baseline.

In the present study, “CTRCD” was defined for any grade
asymptomatic CTRCD observed at 6 or 24 months after
RT; “early CTRCD” for any grade asymptomatic CTRCD
observed at six months and “mid-term CTRCD” for any
grade asymptomatic CTRCD observed at 24 months.
Grade of CTRCD (“mild CTRCD”; “moderate CTRCD”;
“severe CTRCD”) was defined as the highest grade of
asymptomatic CTRCD observed during the follow-up
period.

Statistical analysis
Continuous variables are presented with mean and stan-
dard deviation or median and range values. Student’s
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t-test or Wilcoxon-Mann-Whitney non-parametric test
was used to compare continuous variables when appro-
priate. Categorical variables are reported as counts and
percentages. The x2 and Fisher’s exact tests were used to
compare categorical variables, as applicable. To analyze
the associations between CTRCD and radiation and non-
radiation factors in univariable analysis, we used binary
logistic regressions (odds ratios (ORs), 95% confidence
intervals (CI), p-values). Cardiac radiation exposure fac-
tors included the laterality of BC, Dmean, D2, and V2 for
the whole heart, left ventricle, left anterior decreasing
coronary artery (LAD), and circumflex coronary artery
(Cx). Non-radiation factors included age, body mass
index (BMI), smoking status, hypertension, diabetes
mellitus, hypercholesterolemia, menopausal status, and
endocrine therapy administered sequentially after RT.
For multivariable analysis, we only considered for adjust-
ment the non-radiation variables with p-value<0.20 in
univariable analysis. For dosimetry parameters signifi-
cantly associated with the risk of CTRCD, receiver oper-
ating characteristic (ROC) curves were constructed, and
the maximum Youden Index was utilized to determine
the optimal cut-off values and thresholds for predicting
CTRCD. A p-value<0.05 was considered statistically sig-
nificant in all two-sided statistical tests. All analyses were
performed using SAS 9.4 and STATA 14.2 software.

Results

Patients’ characteristics

A total of 72 patients with echocardiographic data avail-
able for the time points (before RT, RT+6, and RT +24
months) and dosimetry measurements were included
in this analysis. A description of their baseline char-
acteristics is presented in Table 1. The mean age at RT
was approximately 58+8.2 years old, and less than 20%
of patients presented cardiovascular risk factors such
as diabetes, hypertension, or current smoking. Patients
mostly had left-sided BC (82%) and received endocrine
treatment (75%). The majority of the patients had locally
invasive BC (82%). Mean heart dose and mean left ven-
tricle doses for the whole population were 2.5+1.5 Gy
and 5.113.6 Gy, respectively, with doses much higher
for left-sided BC than right-sided BC (Supplementary
Material 1). LAD was the most exposed cardiac substruc-
ture for left-sided BC with a mean dose of 15.8+7.6 Gy.
Among other coronary arteries, the mean dose for CX
was 1.4£0.9 Gy with D2 that could reach a maximum of
48.7 Gy among left-sided BC.

CTRCD events during follow-up

No patient developed symptomatic CTRCD, defined
by the presence of heart failure, during the two-year
follow-up.
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Table 1 Baseline characteristics
Variables All patients
N=72
Mean +SD
n (%)
Age, years 58.1£82
BMI, kg/m? 240+3.7
Hypertension 17 (24%)
Diabetes 4 (5%)
Smoking 35 (49%)
Never 20 (28%)
Past 17 (23%)
Present
Hypercholesterolemia 22 (31%)
Total Cholesterol, mmol/L 6.0+0.1
Menopause status 51 (72%)
Cancer information
Laterality (left) 72 (59%)
Histology 13 (18.1%)
In situ 59 (81.9%)
Invasive
Grade 27 (37.5%)
1 36 (50.0%)
2 9 (12.5%)
3
Type of surgery 69 (95.8%)
Conservative 3(4.2%)
Total mastectomy
Total dose 20 (27.8%)
47 Gy (20%2.35 Gy) 52 (72.2%)
50 Gy (25%2 Gy)
Endocrine therapy 54 (75.0%)
Aromatase inhibitors 31 (57.4%)
Tamoxifen 23 (42.6%)
Cardiac exposure 25+15
Dmean Heart, Gy (0.3-6.4)
min-max 51436
Dmean LV, Gy (0.1-12.5)
min-max 13.0+9.1
Dmean LAD, Gy (0.1-34.5)
min-max 14+09
Dmean CX, Gy (0.1-4.3)
min-max

Dmean: mean dose; LAD: Left Anterior Descending Artery; CX: Circumflex
coronary artery

Table 2 CTRCD occurrence

N=72 patients Early CTRCD Mid-term CTRCD CTRCD
6 months after 24 months after RT 6 or24

RT months

after RT

CTRCD 22 (31%) 14 (19%) 32 (44%)

Overall, 32 patients (44%) developed new asymptom-
atic CTRCD during the two-year follow-up: 22 (31%)
occurred 6 months after RT corresponding to early
CTRCD, and 14 (19%) occurred 24 months after RT
corresponding to mid-term CTRCD (Table 2). Mild
CTRCD was the most frequent grade of CTRCD during
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the two-year follow-up with 20 patients; 7 and 5 patients
experienced moderate or severe CTRCD, respectively
(Supplementary Material 2).

Association between CTRCD and radiation doses

Dose distribution according to the CTRCD status is pre-
sented in Fig. 2. The doses were generally higher among
patients with CTRCD than those without CTRCD. How-
ever, differences were statistically significant only for
whole heart-V2, LV-V2, and CX-Dmean, CX-D2, and
CX-V2. After Holm-Bonferroni correction for multiple
tests, only LV-V2, CX-Dmean, and CX-V2 remained sta-

tistically significant.
Among non-radiation factors, BMI, smoking status,
hypertension, hypercholesterolemia, and endocrine

therapy reached a p-value of less than 0.20 and were con-
sidered in further multivariable analysis for adjustment
(Table 3).

BMI Body Mass Index: Variables with a p-value in bold
(<0.20) were considered for multivariable analysis for the
association between cardiac exposure and CTRCD.

Univariable and multivariable CTRCD analyses by
dose-volume parameters is presented in Table 4. Left-
sided BC presented a higher risk of CTRCD but the
association was not statistically significant (OR=3.22,
p=0.09). None of the dose parameters for the whole heart
and the LAD were significantly associated with CTRCD.
For LV, only V2 was significantly associated with CTRCD
(OR=1.03, p=0.01), and this result remained marginally
significant in the adjusted analysis (OR=1.03, p=0.05).
For CX, both Dmean, D2, and V2 were significantly
associated with CTRCD, but only Dmean remained sig-
nificantly associated with CTRCD in multivariable anal-
ysis (OR=2.48, p=0.02). Exploratory analysis for early
CTRCD occurring at six months and mid-term CTRCD
occurring at 24 months presented similar results for dose
responses (Supplementary Material 3).

Analysis of CTRCD risk according to dose category
divided into 33th and 66th percentile showed a non-sig-
nificant 4-fold increase in the adjusted OR for CTRCD
for the most exposed category of LV-V2 (>53%) as
compared with the less exposed category (<34%). For
the Dmean of the CX, highly exposed patients with
doses>1.48 Gy presented an OR of 7.95 (p<0.05) com-
pared to lowly-exposed patients with Dmean<1.08 Gy
(Supplementary Material 4).

An exploratory analysis of the association between car-
diac radiation doses and CTRCD grade was conducted
(Supplementary Material 5). Patients with either severe
or moderate CTRCD were all left-sided BC. The associa-
tion between cardiac radiation doses and severe CTRCD
was more robust than for overall CTRCD, reaching sta-
tistical significance for all cardiac structures (whole heart
Dmean and V2, LV V2, LAD Dmean, and CX Dmean,



Honaryar et al. Cardio-Oncology (2024) 10:54

Page 6 of 11

Dmean (in Gy) D2 (in Gy) V2 (in %)
7.0 - 50.0 - = 70.0 -
60 p=0.13 T e 60.0 - B e
N 40.0 - :
5.0 1 50.0
40 30.0 1 400
=
§ 3.0 4 20.0 - 30.0 |
20 - 20.0 4
10.0 -
1.0 4 — l 10.0
0.0 — 0.0 1 . 0.0 ;
No CTRCD CTRCD NoCTRCD CTRCD No CTRCD CTRCD
200 - 60.0 - 100.0 -
p=0.18 p=0.01
=0.14 50.0 1 J
15.0 - £ §0.0
K 40.0
. 60.0
= 100 - 30.0 -
g 400 -
> 20.0 - :
g °0] 100 | 200 -
-
0.0 . 0.0 . 0.0 :
No CTRCD CTRCD No CTRCD CTRCD No CTRCD CTRCD
400 - 60.0 - 100.0 -
p=0.21
p=0.28 50.0 - |
300 - 80.0
40.0 -
60.0 A
Q 20.0 A 30.0 -
< 20,0 J 40.0 -
10.0 1 20.0 =0.19
10.0 1 01 D
0.0 ; 0.0 : 0.0 :
No CTRCD CTRCD No CTRCD CTRCD No CTRCD CTRCD
40 - 7.0 - 100.0 -
p=0.01 6.0 - p=0.02 80.0 p=0.01
3.0 - 50 |
40 4 60.0 4
> 201 | | 30
0 40.0 -
© 2.0
1.0 01 20.0 -
1.0 1 :
00 = 00 00 = |

No CTRCD CTRGD

No CTRCD CTRGD

No CTRCD CTRCD

Fig. 2 Boxplots and comparisons of dose distribution according to CTRCD status D2: dose to 2% of the structure mostly exposed (in Gy); V2: volume of
the structure receiving dose >2 Gy (in %); Dmean: mean absorbed dose (in Gy); LAD: Left Anterior Descending Coronary artery; CX: Circumflex Coronary
Artery; p-values for comparison of dose metrics distributions between CTRCD and no CTRCD groups

D2, and V2). In particular, the association with CX-
Dmean was three times higher than for overall CTRCD
(OR=6.42, p=0.001, compared to severe CTRCD
OR=2.44, p=0.008). No association for mild or moder-
ate CTRD reached statistical significance, except CX-D2
associated with mild CTRCD (OR=1.87, p=0.01). We
did not perform an adjusted analysis because of the lim-
ited number of events.

ROC analysis

A ROC curve analysis was performed to diagnose the
performance of V2 of the LV and Dmean of CX level in
identifying CTRCD (Fig. 3). The optimal cut-off value of
LV-V2 in the detection of CTRCD was 36% (area under
the curve: 0.68, 50% sensitivity, 81% specificity). The opti-
mal cut-off value of CX-Dmean was 1.40 Gy (area under
the curve: 0.72, 80% sensitivity, 66% specificity).
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Table 3 Non-radiation risk factors of CTRCD

Variables OR (95% Cl) p-value
Age 0.99 (0.94-1.05) 0.72
BMI 1.23(1.06-1.43) 0.007
Hypertension 214 (0.71-647) 0.17
Diabetes 4,03 (0.40-40.79) 0.24
Smoking 1.00 0.12

Never 1.57 (0.51-4.82)

Past 3.51(1.04-11.84)

Present
Hypercholesterolemia 2.36 (0.85-6.65) 0.10
Menopause 1.33(0.46-3.81) 0.59
Endocrine Therapy 2.70 (0.84-8.64) 0.09

Table 4 Association between cardiac radiation doses and
CTRCD

Univariable analysis Multivariable analysis *

OR (95% Cl) p-value OR (95% ClI) p-value

Left-sided BC ~ 3.22 (0.81-12.90) 0.09 3.35(0.68-16.61) 0.14

Heart
Dmean,in Gy 1.30(0.94-179) 0.1 1.17(0.77-1.78) 046
D2,in Gy 1.01(0.99-1.01) 032 1.00 (0.97-1.04) 0.79
V2,in % 1.03(0.99-1.06) 0.09 1.02 (0.98-1.06) 043
Left Ventricle
Dmean,in Gy 1.12(0.98-1.28) 0.10 1.08(0.91-1.27) 039
D2,in Gy 1.02(0.99-1.05) 0.1 1.02(0.99-1.05) 0.19
V2,in % 1.03 (1.01-1.06) 0.01 1.03 (1.00-1.06)  0.05
LAD
Dmean,in Gy 1.02(0.97-1.08) 041 1.01(0.95-1.08) 067
D2,in Gy 1.02 (0.99-1.05) 0.3 1.02 (0.99-1.05) 0.17
V2,in % 1.01(0.99-1.03) 0.14 1.01(0.99-1.03) 021
X

Dmean,in Gy 244 (1.26-4.74) 0.008
D2,in Gy 1.79(1.13-2.85)  0.01 167 (0.97-2.89) 0.07
V2,in % 1.02(1.01-1.04) 0.01 1.02 (1.00-1.04) 0.08

LAD: Left Anterior Descending Artery; CX: Circumflex coronary artery; * Adjusted
for BMI, hypertension, smoking, hypercholesterolemia, endocrine therapy;
Dmean (in Gy), the volume-weighted mean dose; D2 (in Gy), the minimal dose
absorbed by the most irradiated 2% of the structure volume, which can be
considered as the near maximum dose; V2 (in %) the relative volumes exposed
to at least to 2 Gy

248(1.12-551)  0.02

Discussion

The role of 2D speckle tracking echocardiography in
early detection and quantification of subtle disturbances
in left ventricular systolic function after RT for breast
cancer was previously investigated, and radiotherapy-
induced alterations in global longitudinal strain (GLS)
were observed previously [26]. However, heterogeneous
definitions of such GLS alterations in studies lead to dis-
crepancies between results. A harmonized definition
of CTRCD has recently been published in ESC cardio-
oncology guidelines [20], either symptomatic in presence
of heart failure, or asymptomatic based on a reduction in
LVEF and/or relative change in GLS, but there was a lack
of literature about the effect of RT on such CTRCD. In
this study, we aimed to evaluate the occurrence and the
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radiation-induced risk of CTRCD in a population of BC
patients treated with RT without chemotherapy during a
follow-up of 24 months.

No symptomatic CTRCD was observed in our popula-
tion, but asymptomatic CTRCD occurred in 32 patients,
representing 44% of the study population, with almost
two-thirds of them detected six months after RT and
one-third detected 24 months after RT. Mild CTRCD
was the most frequent grade of severity (28%), fol-
lowed by moderate CTRCD (9%) and severe CTRCD
(7%). Previous studies on BC patients showed that RT
could impair LV systolic function, as measured by GLS
decrease without LVEF change or slight LVEF decrease
remaining in normal range [12—18]. Compared to base-
line GLS, a statistically significant reduction in GLS could
be observed at the end of RT [16], six weeks after RT [27],
six months after RT [28], 12 months after RT [13], 14
months after RT [12] and even three years after RT [14]
[29]. However, these studies were mainly based on GLS
analyzed as a continuous variable, and few reported the
occurrence of relative GLS decrease above a threshold
considered clinically relevant. Six months after RT, we
previously reported 47% of patients with a relative GLS
decrease>10% in the BACCARAT study [18]. The MEDI-
RAD Early-Heart study reported 12% of patients with a
relative GLS decrease>15% [19], below the 28% of mild
CTRCD we observed in our study. However, in Early-
Heart study, mean heart dose was lower compared to
ours (mean heart dose=1.72 Gy, vs. 2.5 Gy). With mean
heart doses similar to ours, Tuohinen et al. reported that
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30% of patients with a relative GLS decrease by >15%
three years after RT, which is consistent with our find-
ings, even if no data on GLS decrease before RT +3 years,
in particular at RT +2 years, was provided in their study
[14].

Previous studies analyzed mild forms of CTRCD
but did not consider moderate or severe forms as we
did. Moreover, it is difficult to compare studies provid-
ing results from cross-sectional evaluations at different
time points because of the possible reversibility of subtle
cardiac systolic dysfunction measured with GLS. Such
reversibility in GLS decrease was observed in the pres-
ent study, with patients presenting CTRCD at six months
who recovered at 24 months, as this was also observed
in patients treated with chemotherapy [30]. Possible
changes in measurement conditions during follow-up
may affect cardiac volumes, LVEF, and GLS quantifica-
tion [31] and explain such reversibility in systolic func-
tion. However, Tuohinen et al. [14] found that worsening
diastolic function was detectable even in patients without
significant changes in systolic function determined by
GLS, illustrating that potential reversibility of GLS altera-
tions after RT could still cause some damage to the heart.
Similarly, BC patients treated with RT presented a risk of
heart failure despite preserved LVEF [32].

Data showing the relationship between radiation dose
to heart substructures and subsequent cardiac dysfunc-
tion is scarce. The laterality of BC or mean heart dose
was often used as a exposure measurement proxy for the
irradiation of cardiac substructures. Some studies could
observe an enhanced decrease in GLS after RT for left-
sided BC [12] or higher mean heart doses [18, 19], but
some others did not [16, 27, 28, 33]. In our study, despite
the higher frequency of left-sided BC or higher mean
heart doses for patients with CTRCD, the association of
these parameters with CTRCD did not reach statistical
significance (OR=3.34, p=0.14 and OR=1.17, p=0.46
respectively). It is worth noting that for severe CTRCD,
all patients were left-sided, and heart exposure (Dmean
and V2) was significantly associated with severe CTRCD.
However, this result was based on only five patients and
would require further investigation in a larger population.
Our study focused on RT alone and did not provide data
on cardiovascular outcome of concomitant radiotherapy
and chemotherapy. In a retrospective cohort study [34],
left-side irradiation showed limited effect on the inci-
dence of cardiovascular events. However, the effect of
left-side irradiation on the incidence of cardiovascular
events was stronger in patients with a cumulative doxo-
rubicin dose>250 mg/m2, illustrating that additive or
synergistic effect of chemotherapy on radiotherapy could
induce higher risk of cardiac injury, such as CTRCD.

Considering dose to the cardiac substructures in car-
diotoxicity risk analysis rather than using laterality or

Page 8 of 11

mean absorbed dose to the whole heart as a proxy has
already been discussed [23]. In the context of CTRCD,
cardiac dysfunction is characterized by left ventricu-
lar dysfunction. Therefore, exposure to cardiac struc-
tures in the left part of the heart was a priori relevant,
and we investigated exposure to the left ventricle but
also the left coronary artery that carries blood to the
left part of the heart (divided into left anterior descend-
ing artery (LAD) and circumflex artery (CX)). We found
dose-response relationships for V2 of the left ventricle
(OR=1.03, p=0.05). Such association with LV exposure
was previously observed [18, 19]. We also found dose-
response relationships for the mean dose to the CX
(OR=2.48, p=0.02). This is the first study to show an
association with CX exposure. This result is surprising
because LAD can receive doses much higher than CX.
However, the mean absorbed dose to CX may be a bet-
ter proxy of exposure to explain the risk of CTRCD than
LAD exposure. This was also suggested in our analysis of
atherosclerotic plaques [8]. Another explanation could
be linked with anatomy and function of coronary arter-
ies. While the LAD supplies blood to the anterior portion
of the left ventricle, the CX supplies blood to the lateral
wall of the left ventricle and sometimes to the posterior
inferior part of the ventricle. GLS is an average measure
of segmental strains for the whole left ventricle, but in
a previous analysis of territorial longitudinal strains, we
found a decrease in strain not only for segments related
to LAD territory, but also for segments related to CX ter-
ritory [17], illustrating that CX exposure could also play a
central role in asymptomatic moderate and mild CTRCD
occurrence driven by change in CX-related segmental
strain.

Finally, we evaluated two optimal cut-off values in V2 of
LV and Dmean of CX to predict CTRCD. V2 of LV above
36% (AUC=0.68, sensitivity=50%, specificity=81%) and
mean dose to CX>1.40 Gy (AUC=0.72, sensitivity=80%,
specificity=66%) were associated with an increased pos-
sibility of CTRCD development than lower values. Our
study highlighted LV and CX cardiac substructure expo-
sure regarding the risk of CTRCD. Still, these results
remain to be confirmed by other studies, and recom-
mendations that the dose to the heart has to be as low
as possible remain relevant. To enhance knowledge on
radiation-induced CTRCD after RT, an effort will be
required for accurate segmentation and dose estimation
for cardiac substructures, including coronary arteries,
not limited to the LAD. The coronary arteries are difficult
to delineate because of their small volumes and inherent
contouring variability, but some atlas and auto-segmen-
tation tools exist [35—-37] and will be further developed.
By making the segmentation task of all these cardiac sub-
structures more accessible, detailed dosimetry data of
several potential “targets” regarding cardiotoxicity will
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be available and fruitful to enhance the understanding of
radiation-induced cardiovascular dysfunction, a central
concern of cardio-oncology.

Limitations

First, despite being one of the largest studies with 72
patients, our sample size was small and from a single cen-
ter, limiting our ability to adjust for multiple confound-
ers, our power to detect significant associations and our
findings’ generalizability. However, our multivariable
models were adjusted for serial confounders, includ-
ing BMI, hypertension, smoking, hypercholesterolemia,
and endocrine therapy, and we observed a significant
dose-response relationship for some dose parameters,
which remained significant even after adjustment. Some
patients with poor-quality echocardiography at baseline,
six-month, or 24-month examinations had missing GLS
measurements and should be excluded from this analy-
sis. No alternative examination, such as cardiac magnetic
resonance imaging (CMR), was performed in our study
to assess cardiac dysfunction, particularly LVEF or GLS.
This was conducted in the multicenter European MEDI-
RAD Early-Heart study, which included 250 BC patients
treated with RT and should have provided complemen-
tary results [38]. No data on diastolic functional indi-
ces (e.g., E/e; tissue Doppler) and right ventricular (RV)
function was available for this analysis. For a fuller pic-
ture, this could be the subject of a supplementary study
if we evaluate these indices using the echocardiography
that have all been preserved for the patients. We only
observed asymptomatic CTRCD, but the clinical adverse
effects usually appear several years or decades after RT.
Moreover, some patients with CTRCD were observed
six months after RT and recovered 24 months after RT.
We did not have follow-up clinical information for the
patients regarding pharmacological and non-pharmaco-
logical cardio-protective measures, which could explain
the reversibility of CTRCD found in our study. Lon-
ger follow-up time and more extensive studies remain
needed to understand the clinical implications of these
findings on early or mid-term occurrence of CTRCD.

Conclusion

To our knowledge, this is the first study that investi-
gated the occurrence and radiation-risk analysis of
CTRCD based on its latest definition published in ESC
cardio-oncology guidelines, in a population of BC
patients treated with RT. With a follow-up of 24 months,
no patient developed symptomatic CTRCD, but we
observed that more than 40% of BC patients developed
asymptomatic CTRCD, mainly mild CTRCD, but also,
in less frequent cases, moderate or severe grades. Left
ventricle and circumflex coronary artery exposure were
found to be associated with CTRCD risk and could be
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used for the prediction of such cardiotoxicity. Further
research remains needed to confirm this result and pro-
pose prevention recommendations to adapt and person-
alize RT for BC patients.
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