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ABSTRACT

BACKGROUND Early detection and treatment of cardiotoxicity are essential for reducing cardiac events. However, a
reliable predictive model for cardiotoxicity in patients with breast cancer receiving chemotherapy is lacking.

OBJECTIVES In this study, we aimed to develop a risk prediction model and establish effective surveillance for car-
diotoxicity in patients with breast cancer undergoing chemotherapy.

METHODS Patients with breast cancer scheduled for neoadjuvant and/or adjuvant chemotherapy were prospectively
screened at 25 participating institutions between August 2017 and March 2020. Cardiotoxicity was defined as a
reduction in left ventricular ejection fraction of >10% from baseline to a value <53%.

RESULTS The study included 559 chemotherapy-naive female patients. Cardiotoxicity was observed in 46 of 559
patients (8.2%) during a median follow-up period of 366 days (Q1-Q3: 365-367 days). The CHECK HEART
(Comprehensive Heart Imaging to Evaluate Cardiac Damage Linked With Chemotherapy in Breast Cancer Pa-
tients) score consisted of 6 variables: heart rate, left ventricular global longitudinal strain, left ventricular end-
systolic and end-diastolic diameters, right ventricular fractional area change, and treatment with anthracycline

and trastuzumab. The time-dependent area under the receiver operating characteristic curve (AUC) at

12 months based on pretreatment data showed acceptable accuracy (AUC: 0.82; 95% Cl: 0.76-0.89).

CONCLUSIONS The developed multivariable risk prediction models can accurately predict cardiotoxicity and support
effective surveillance in patients with breast cancer receiving chemotherapy. (JACC Asia. 2026;6:229-241)

© 2026 The Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation. This is

an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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ABBREVIATIONS
AND ACRONYMS

AUC = area under the receiver
operating characteristic curve

BNP = B-type natriuretic
peptide

CART = classification and
regression trees

hs-TnT/I = high-sensitivity
cardiac troponin T or |

LV = left ventricular

LVEF = left ventricular
ejection fraction

LVGLS = left ventricular
global longitudinal strain

RV = right ventricular

RVFAC = right ventricular
fractional area change

reast cancer is the most frequently

diagnosed cancer among women,

and its incidence is increasing in
most countries.' Chemotherapy with anthra-
cyclines and/or human epidermal growth
factor receptor type 2 inhibitors, used to
reduce the risk of recurrence, has improved
the 5-year survival rate of patients with
breast cancer by approximately 80% world-
wide, resulting in a large population of
long-term survivors.”* Taxanes are also
effective against breast cancer when used
with anthracyclines and human epidermal
growth factor receptor type 2 inhibitors>;
however, despite their high efficacy, they
can cause cardiotoxicity, a major clinical
concern.®® Early detection and treatment
of cardiotoxicity play critical roles in

reducing cardiac events, and several guidelines

recommend

systematic  cardiac  surveillance,

including personalized cardiotoxicity risk assess-
ment, biomarkers, and echocardiography before and
during treatment.®'® Although the utility of each sur-
veillance method has been reported individually, a

reliable predictive model for cardiotoxicity in pa-
tients with breast cancer receiving chemotherapy is

lacking.

14-17

multicenter prospective study CHECK

HEART-BC (Comprehensive Heart Imaging to Eval-
uate Cardiac Damage Linked With Chemotherapy in
Breast Cancer Patients) aimed to develop a robust
prediction model and establish an effective surveil-
lance of cardiotoxicity through systematic cardiac
function evaluation.
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METHODS

STUDY DESIGN. CHECK HEART-BC was a prospec-
tive, multicenter observational study aimed at iden-
tifying clinical features and developing a prediction
model for cardiotoxicity in patients with breast can-
cer (the University Hospital Medical Information
Network ID 000032401). Patients were consecutively
enrolled at 25 participating institutions in Japan.
Echocardiography, high-sensitivity cardiac troponin
T or I (hs-TnT/I), B-type natriuretic peptide (BNP), N-
terminal pro-BNP, and 12-lead electrocardiography
were performed according to the follow-up protocol
to evaluate cardiac function (Figure 1). The study
protocol was approved by the respective institutional
ethics committee (identifier number of representa-
tive institution 2017-1-866), and written informed
consent was obtained from all patients. The study
was conducted in accordance with the ethical prin-
ciples of the Declaration of Helsinki.

PATIENT ENROLLMENT AND DATA COLLECTION.
Patients with breast cancer scheduled for neo-
adjuvant and/or adjuvant chemotherapy between
August 2017 and March 2020 were prospectively
enrolled. Clinical data, including patient and tumor
characteristics, laboratory data, and echocardio-
graphic and electrocardiography parameters, were
collected at baseline (visit 0) by clinical research co-
ordinators or investigators at each institution using
electronic data capture systems. Cardio-oncology
surveillance, including echocardiography, 12-lead
electrocardiography, and biomarkers, was per-
formed every three months after chemotherapy
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FIGURE 1 Study Protocol

Patient registration
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Cardio-oncology surveillance, including echocardiography, 12-lead electrocardiogram (ECG), and biomarkers, was performed every 3 months (visits O to 4). Breast
cancer treatment was categorized into 4 regimens: anthracycline (AC) and taxane (Tx) (regimen 1; n = 250); anthracycline, trastuzumab (Tmab), and taxane (regimen
2; n =181); trastuzumab and taxane (regimen 3; n = 92); and taxane alone (regimen 4; n = 36). Site visits were scheduled before chemotherapy (baseline, Visit 0), and
every 3 months after chemotherapy initiation [Visits 1 (90 + 30 days) to 4 (360 + 30 days)]. Visit O, baseline; Visits 1-4, visits at 3, 6, 9, and 12 months after
chemotherapy initiation, respectively. TTE = transthoracic echocardiogram.

initiation (visits 1[90 + 30 days] to 4 [360 =+ 30 days]).
Patients were excluded if they did not undergo
echocardiography before chemotherapy, were not
treated with chemotherapy, or had received prior
chemotherapy for any cancer.

DEFINITION OF CARDIOTOXICITY. For early and
accurate detection of subsequent cardiotoxicity, the
risk prediction model was based on clinical parame-
ters obtained before chemotherapy initiation. The
primary outcome, cardiotoxicity development, was
defined as a reduction of >10% point in left ventric-
ular ejection fraction (LVEF) from baseline to a
value <53% measured by echocardiography, in
accordance with the European Society of Cardiology
2016 position paper on cancer treatments and car-
diovascular toxicity.®'® The secondary outcome was

a composite of cardiac death, myocardial infarction,
symptomatic heart failure, and arrhythmia requiring
additional cardiac treatment. Cardioprotective treat-
ment following the development of cardiotoxicity
was administered at the discretion of the attending
physician.

DERIVATION OF THE RISK PREDICTION MODEL.
The risk prediction model was derived using patient
characteristics and clinical data at baseline (visit 0).
Supplemental Table 1 shows the relationship be-
tween the visit 0 variables and cardiotoxicity devel-
opment using univariable Cox regression analysis, as
well as the rate of missing values. The variables for
the risk prediction model were selected according to
following steps: 1) to avoid reducing the model
discrimination and biasing the results, all the missing



https://doi.org/10.1016/j.jacasi.2025.08.018

232

Terui et al

Risk Prediction Models for Breast Cancer Cardiotoxicity

JACC: ASIA, VOL. 6, NO. 2, 2026
FEBRUARY 2026:229-241

FIGURE 2 Patient Flowchart

Patients with breast cancer were scheduled for neoadjuvant and/or adjuvant chemotherapy
at the 25 participating institutions (n=679, August 2017 ~ March 2020)

Previously treated with chemotherapy (n=25)
No cardiac evaluation before chemotherapy (n=16)

Chemotherapy-naive patients who were assessed their cardiac function before chemotherapy
(n=638)

N Consent withdrawal (n=35)
Treated without chemotherapies (n=9)

—>| Unavailable 12-month follow-up data (n=26) l

—>| Lost to follow-up (n=9) l

Chemotherapy-naive patients who completed 12 months follow-up (n=559) |

Of 679 prospectively enrolled patients with breast cancer scheduled for neoadjuvant and/or adjuvant chemotherapy, 41 were excluded
based on predefined criteria. Ultimately, 559 chemotherapy-naive patients were included.

values were replaced using multiple imputation; 2)
multivariable Cox regression analysis was performed
with variables selection using backward elimination;
3) steps 1 and 2 were repeated 20 times, and the top 5
variables with the highest frequency of selection
were chosen (Supplemental Table 2); and 4) beta
coefficients from multivariable Cox regression anal-
ysis of each imputation dataset were combined using
Rubin’s rule and risk score points were calculated.
Additionally, radiotherapy and sequential therapy
with anthracyclines and trastuzumab are known to
be associated with a high risk of cardiotoxicity. The
accuracy of the risk prediction model, including
different combinations of the 5 selected variables
and/or radiotherapy and/or sequential therapy, was
evaluated. Finally, the most accurate risk prediction
model, termed the CHECK HEART score, consisted of
the 5 variables selected through repeated multivari-
able analysis plus cancer therapy variables identified
through literature review.

For risk stratification, the participants were
divided into 3 groups based on the model’s risk
scores using cut-off values derived from the classifi-
cation and regression trees (CART) analysis.'”® The
CART method, a decision tree methodology, iden-
tifies relationships between dependent variables and
explanatory variables. In this analysis, risk score
points were treated as explanatory variables to

efficiently stratify populations regarding the devel-
opment of cardiotoxicity.

To evaluate the accuracy and clinical implications
of the risk prediction models, time-dependent area
under the receiver operating characteristic curve
(AUC) analyses were performed using both the raw
risk score points and the categorical groups defined
by the CART method-based cut-off values.*®

STATISTICAL ANALYSIS. The normality of contin-
uous variables was evaluated using normal Q-Q plots.
Continuous variables are presented as mean + SD or
median with 25th-75th percentiles (Q1-Q3). Serum
levels of hs-TnT/I and plasma levels of BNP and
N-terminal pro-BNP were analyzed after logarithmic
transformation to normalize their distributions. Post
hoc pairwise comparisons of the temporal changes in
each variable from visit 0 to visit 4 were performed
using Dunnett’s test (entire cohort and patients
without cardiotoxicity) or Steel’s test (patients with
cardiotoxicity), with visit 0 as the reference. CART
analysis was used to determine the cut-off values of
risk score points for developing cardiotoxicity in the
risk models.'® Cox proportional hazards models were
applied to analyze the likelihood of developing car-
diotoxicity, with results presented as HRs with
95% CIs. The proportional hazards assumption was
tested using scaled Schoenfeld residuals. The
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minimum P values exceeded 0.05, indicating that the
null hypotheses of proportional hazards for all
covariates was not rejected. Time-dependent AUC
curve analyses were performed to compare the ac-
curacy of the risk prediction model using Uno’s
concordance index. A competing risk analysis was
performed using the Fine-Gray competing risk model
to eliminate the effect of all-cause mortality on out-
comes during follow-up. A cumulative incidence
curve was generated using the Fine-Gray model to
estimate the time to cardiotoxicity development
adjusted competing risks. Internal statistical valida-
tion of the prediction model was assessed through a
simulation study involving iterative random parti-
tioning of data into training and validation sets as
follows: 1) all 559 participants were randomly divided
— 373 (66.7%) for training and 186 (33.3%) for vali-
dation sets, with the validation set entirely excluded
during model training; 2) multivariable Cox regres-
sion analysis was applied to the training set to
develop the original prediction model; 3) risk score
points were calculated and the time-dependent AUC
analyses were performed in both training and vali-
dation sets to evaluate model accuracy; and 4) steps
1-3 were repeated 1,000 times to validate the mean
time-dependent AUC across the original, training,
and validation sets.

Statistical significance was set at P < 0.05. All
analysis was performed using R software, version
4.2.2 (R Foundation for Statistical Computing).

RESULTS

PATIENT DEMOGRAPHICS AND CHARACTERISTICS.
Figure 2 shows the patient selection flowchart. Of 679
prospectively enrolled patients with breast cancer, 41
were excluded based on the exclusion criteria. An
additional 79 patients were excluded due to consent
withdrawal, unavailable 12-month follow-up data, or
loss to follow-up. Ultimately, 559 chemotherapy-
naive patients were included in the analysis. Table 1
presents the baseline patient characteristics. The
mean patient age was 56 + 12 years, and all patients
were female. The most prevalent comorbidity was
151 of 559, 27.0%), followed by
hypertension (n = 140 of 559, 25.0%). Thirty-seven
patients (n = 37 of 559, 6.6%) had a history of heart
disease. Sixteen patients (n = 16 of 559, 2.9%) were
receiving oral beta blockers and 80 patients (n = 80 of
559, 14.3%) were receiving renin-angiotensin system
inhibitors due to comorbidities. A total of 431 pa-
tients (n = 431 of 559, 77.1%) were treated with
anthracycline and 273 (n = 273 of 559, 48.8%) were

dyslipidemia (n =
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TABLE 1 Baseline Patient Characteristics
Patients Not Having
Cardiotoxicity at
Patients With Their Last
Overall Cardiotoxicity Follow-Up Visit
(N =559) (n = 46) (n =513)
Demography
Age, y 56 =+ 12 (range: 28-86) 56 + 12 56 £ 11
Female 559 (100) 46 (100) 513 (100)
Body mass index, kg/m? 233 +43 234 +43 229 +3.8
Cardiovascular risk factors
Hypertension 140 (25.0) 9 (19.6) 131 (25.5)
Dyslipidemia 151 (27.0) 13 (28.3) 138 (28.3)
Diabetes mellitus 52 (9.3) 4 (8.7) 48 (9.4)
Current or ex-smoker 86 (15.4) 6 (13.0) 80 (15.6)
History of heart disease 37 (6.6) 5(10.9) 32 (6.2)
Medication
Beta-blocker 16 (2.9) 3 (6.5 13 (2.5)
RAS inhibitors 80 (14.3) 6 (13.0) 74 (14.5)
Statins 96 (17.2) 9 (19.6) 87 (17.0)
Breast cancer characteristics
Left side 270 (48.6) 24 (53.3) 246 (48.2)
Right side 271 (48.8) 21 (46.7) 250 (49.0)
Bilateral 14 (2.5) 0 (0.0) 14 (2.8)
Early stage 375 (67.1) 34 (73.9) 341 (66.5)
Triple negative cancer 17 (21.0) 5(10.9) 12 (21.9)
Breast cancer therapy
Surgery 513 (91.8) 43 (93.5) 470 (91.6)
Radiotherapy 318 (57.7) 33 (71.7) 285 (56.4)
Endocrine therapy 310 (55.8) 28 (60.9) 282 (55.4)
AC 431 (77.1) 39 (84.8) 392 (76.4)
AC dose, mg/m? 259 + 40 264 + 33 259 + 41
Tmab 273 (48.8) 27 (58.7) 246 (48.0)
AC + Tmab 181 (32.4) 20 (43.5) 161 (31.4)
Others 36 (6.5) 0 (0.0) 36 (7.1)
Values are mean + SD or n (%).
AC = anthracycline; RAS = renin-angiotensin-aldosterone system; Tmab = trastuzumab.

treated with trastuzumab. Sequential therapy was
administered to 181 patients (n = 181 of 559, 32.4%).

Cardiotoxicity was observed in 46 of 559 patients
(8.2%; 85.9 per 1,000 person-years; 95% CI: 6.2-10.8)
during a median follow-up period of 366 days (Q1-Q3:
365-367 days) (Supplemental Figure 1). Forty-four
patients (n = 44 of 559, 95.7%) were asymptomatic,
and only 2 were hospitalized due to symptomatic
heart failure. Most patients who developed car-
diotoxicity were treated with oral cardioprotective
drugs, whereas patients with symptomatic heart
failure were treated with diuretics at the discretion of
the attending physician. There were 17 deaths from
breast cancer and no deaths from other causes during
the follow-up period. Table 1 compares the baseline
characteristics of patients with and without car-
diotoxicity. The subgroups were similar in age, body
weight, and cardiovascular risk factors. Among the
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TABLE 2 Temporal Changes in Clinical Data During Follow-Up®
Visit 0 Visit 1 Visit 2 Visit 3 Visit 4
(Day 0) (Day 90 =+ 30) (Day 180 + 30) (Day 270 + 30) (Day 360 + 30)
(n = 559) (n = 554) (n = 550) (n = 543) (n = 542)
Biomarker
hs-TnT, ng/mL 0.005 (0.003-0.006) 0.013 (0.007-0.022)° 0.009 (0.006-0.013)° 0.007 (0.005-0.01)° 0.006 (0.005-0.008)°
hs-Tnl, ng/mL 0.01 (0.004-0.01) 0.01 (0.01-0.017)° 0.01 (0.01-0.012)° 0.01 (0.008-0.01) 0.01 (0.009-0.01)
BNP, pg/mL 15.2 (8.2-24.9) 12.3 (6.3-24.7) 12.4 (6.9-21.9) 13.5 (8.0-23.3) 12.3 (7.0-21.5)
NT-proBNP, pg/mL 75.0 (34.1-100) 63.1(30.1-107) 58.7 (33.7-114) 61.0 (37.0-105) 60.0 (31.1-106)
12-lead ECG
Heart rate, beats/min 71.4 £ 1.1 78.5 + 12.4° 76.0 £ 11.8° 71.0 +10.6 71.0 £ 10.9
PR interval, ms 156 + 22 155 + 21 158 + 22 160 + 23° 160 + 23°
QRS interval, ms 92 + 12 91+ 11 91+ 11 92+ 1 92 + 12
Corrected QT interval, ms 419 + 22 426 + 25° 427 + 24° 425 + 22° 424 4 23°
Echocardiography
LvVDd, mm 435 + 4.1 443 + 4.2° 44.4 + 4.3° 44.4 + 41° 443 + 4.3°
LVDs, mm 275+ 3.4 285 + 3.5° 28.9 +3.7° 28.8 +3.7° 28.8 + 4.1°
LVEDVi, mL/m? 83.5 + 14.9 86.8 + 16.2° 86.9 + 16.4° 87.1 £15.7° 86.6 + 16.6"
LVESVi, mL/m? 327479 352 +9.1° 36.2 + 9.9° 36.0 +10.0° 36.2 +10.6°
LVEF, % 67.6 £ 5.6 633 +£5.2° 62.4 +5.7° 62.1 £5.9° 61.6 + 6.3°
LAVI, mL/m? 252+ 83 27.5 + 8.7° 27.1 + 8.5° 26.9 + 8.7° 26.6 + 8.7°
E/A 111+ 0.4 1.09 + 0.4 1.08 + 0.4 1.08 + 0.4 1.04 + 0.4
e', cm/s 9.5+29 9.6 +2.6 9.4 +25 9.3+25 9.0 +2.5°
E/e’ 7.8 +£25 7.8 £23 7.8 £2.4 77+25 79+25
LVGLS, % —21.3 + 2.1 —20.2 +2.5° —20.2 +2.5° —20.1 +2.5° —20.1 +2.5°
RVFAC, % 457 +6.5 451+6.2 45.0 + 6.3 44.9 + 6.5 443 + 6.4°
TAPSE, mm 21.6 +£3.9 21.6 + 3.6 21.6 + 3.8 21.4 +3.8 21.0 + 3.6°

Values are mean =+ SD or median (Q1-Q3). *The temporal changes in each data from visit O to visit 4 were compared by Dunnett's method using the data at visit O as a reference. ®P<0.01. P<0.05.

BNP = B-type natriuretic peptide; ECG = electrocardiogram; hs-Tnl = high-sensitive cardiac troponin I; hs-TnT = high-sensitive cardiac troponin T; LAVI = left atrial volume index; LVDd = left
ventricular diameters in diastole; LVDs = left ventricular diameters in systole; LVEDVi = left ventricular end-diastolic volume index; LVEF = left ventricular ejection fraction; LVESVi = left ventricular end-
systolic volume index; LVGLS = left ventricular global longitudinal strain; NT-proBNP = N-terminal pro—B-type natriuretic peptide; RVFAC = right ventricular fractional area change; TAPSE = tricuspid
annular plane systolic excursion.

46 patients with cardiotoxicity, 39 (n = 39 of 46, after chemotherapy initiation (visit 1) had received

84.8%) were treated with anthracycline, 27 (n = 27 of
46, 58.7%) with trastuzumab, and 20 (n = 20 of 46,
43.5%) with both agents. Supplemental Figure 2D
shows a higher incidence of cardiotoxicity in patients
receiving sequential therapy (anthracycline and
trastuzumab) compared with those not receiving
sequential therapy (log-rank test, P = 0.090),
although the difference was not statistically signifi-
cant. No patient developed cardiotoxicity after
treatment with taxanes alone. Additionally, second-
ary outcomes included 4 arrhythmia events and 2
heart failure events during the follow-up period
(Supplemental Table 3).

TEMPORAL CHANGES IN CLINICAL DATA. Table 2
summarizes the temporal changes in the clinical
data, including biomarker analysis, 12-lead electro-
cardiography, and echocardiography, for the entire
cohort. Serum hs-Tn levels increased significantly,
whereas plasma levels of BNP and N-terminal pro-
BNP remained stable throughout the follow-up
period. One hundred ninety-two of 199 patients
(96.5%) with elevated serum hs-Tn levels 3 months

anthracycline. A transient increase in heart rate was
observed, which returned to baseline levels by visit 3.
Slight end-diastolic and end-systolic left ventricular
(LV) dilatation, and significant deterioration in LV
and right ventricular (RV) systolic functions were
noted at 360 days (visit 4) compared to baseline,
including reduction in LVEF (from 67.6% =+ 5.6% to
61.6% + 6.3%; P < 0.001), left ventricular global
longitudinal strain (LVGLS) (-21.3% + 2.1% to -20.1%
+ 2.5%; P < 0.001), and right ventricular fractional
area change (RVFAC) (45.7% =+ 6.5% t0 44.3% 4 6.4%;
P = 0.048). Mitral annular early diastolic velocity (e’)
also declined (9.5 + 2.9 cm/s to 9.0 + 2.5 cm/s;
P <0.001), whereas peak E-wave velocity/e’ remained
unchanged (7.8 + 2.5 to 7.9 + 2.5; P = 0.75). Similar
trends were observed in patients without cardiotox-
icity (Supplemental Table 4), whereas more pro-
nounced temporal changes were noted in patients
with cardiotoxicity (Supplemental Table 5).

RISK PREDICTION MODELS BASED ON THE CHECK
HEART SCORE. Supplemental Table 2 shows the
frequency of variables selected in 20 repeated
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TABLE 3 The Time-Dependent AUCs of Different Combinations of the 5 Selected Variables and/or Cancer Therapy

Follow-up Duration From Chemotherapy Initiation, days

Variable Combinations 320 340 365 380 400
5 selected variables (heart rate, LVDd, LVDs, LVGLS, and RVFAC) 0.79 0.79 0.81 0.71 0.74
5 selected variables + sequential therapy + radiotherapy 0.81 0.81 0.81 0.71 0.76
5 selected variables + sequential therapy 0.80 0.80 0.82 0.72 0.78
5 selected variables + radiotherapy 0.80 0.80 0.81 0.70 0.73

AUC = area under the curve; other abbreviations as in Table 2.

multivariable Cox regression analyses, with the top 5
variables used to develop the risk prediction model.
Table 3 presents the time-dependent AUCs of models
incorporating different combinations of the 5 vari-
ables selected based on multivariable analysis and/or
radiotherapy and/or sequential therapy selected
based on a literature review was evaluated. The most
accurate model included the 5 selected variables plus
sequential therapy with anthracycline and trastuzu-
mab (Table 3). Table 4 shows multivariable Cox
regression models, and the risk score was subse-
quently calculated based on beta coefficients.
Furthermore, participants were stratified into low-,
moderate-, and high-risk groups according to model
risk scores using CART-derived cut-off values
(Figure 3). The incidence of cardiotoxicity exceeded
25% in high-risk group. A summary of these models is
provided in Table 5. In the high-risk group, the inci-
dence rates of cardiotoxicity were notably higher
than those in the low-risk group. Both the moderate-
and high-risk groups had significantly higher HRs of
developing cardiotoxicity, using the low-risk group
as the reference. As shown in Figure 4, the time-
dependent AUC of the raw risk score points was
0.80 or greater over the first 12 months, and the
performance of the categories defined by CART
methods was comparable. The final risk prediction
model consisted of 6 variables: heart rate, LV end-
systolic diameters, LVGLS,
RVFAC, and treatment with anthracycline and tras-
tuzumab. The formula for the CHECK HEART score
was as follows:

CHECK HEART score = (0.0269 x [heart rate at
baseline, beats/min]) — (0.0384 x [left ventricular
diameters in diastole at baseline, mm]) + (0.209 x

and end-diastolic

[left ventricular diameters in systole at baseline,
mm]) + (0.199 x [LVGLS at baseline, %]) — (0.0540 x
[RVFAC at baseline, %1) + (0.592 x treated with
anthracycline and trastuzumab).

The Kaplan-Meier curves of the risk prediction
model categorized by CART methods showed a sig-
nificant difference in the incidence of cardiotoxicity
(Figure 5).

Several validation studies were conducted to eval-
uate the usefulness of the CHECK HEART score. First,
the internal validation showed that the mean time-
dependent AUCs at 12 months was 0.70 4+ 0.01 both
in training and validation sets. Second, the accuracy
of the CHECK HEART score was demonstrated
by evaluating various definitions of cardiotoxicity
(Supplemental Figure 3).%''>?! Using the new defi-
nition of cancer therapy-related cardiac dysfunction
from the latest European Society of Cardiology
guidelines on cardio-oncology, cardiotoxicity
occurred in 28 of 559 patients (5.0%), with consistent
time-dependent AUC values (0.83; 95% CI: 0.77-0.90).
Furthermore, a competing risk model incorporating
mortality events was examined (Supplemental
Table 6). The AUC results from this analysis were
similar to those obtained using the original Cox pro-
portional hazard model; however, RVFAC and heart
rate were more important in the Cox model, whereas
breast cancer treatment was more important in the
Fine-Gray model. This is most likely due to the
causal-specific (etiology of the disease) compared to
subdistribution hazard (disease-specific) analysis.

235

Multivariable Analysis

TABLE 4 Multivariable Cox Regression Models for the Development of Cardiotoxicity

B Coefficient

HR (95% CI) (Standard Error) P Value

Echocardiography (at baseline, visit 0)

LvDd, mm 0.96 (0.86-1.08) —0.0384 (0.059) 0.52

LVDs, mm 1.23 (1.07-1.47) 0.209 (0.071) 0.005

LVGLS, % 1.22 (1.04-1.43) 0.199 (0.081) 0.020

RVFAC, % 0.95 (0.90-1.00)  —0.0540 (0.028) 0.059
12-lead ECG (at baseline, visit 0)

Heart rate, beats/min 1.03 (1.00-1.05) 0.0269 (0.012) 0.034
Breast cancer treatment

Anthracycline with trastuzumab 1.81 (0.99-3.29) 0.592 (0.31) 0.060

%]) + (0.592 x treated with anthracycline and trastuzumab).
Abbreviations as in Table 2.

Multivariable predictors in the derivation cohort and the formula for calculating the CHECK HEART score.
The CHECK HEART score = (0.0269 x [heart rate at baseline, beats/min]) - (0.0384 x [LVDd at baseline,
mm]) + (0.209 x [LVDs at baseline, mm]) + (0.199 x [LVGLS at baseline, %]) - (0.0540 x [RVFAC at baseline,
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FIGURE 3 Risk Stratification Based on the CHECK HEART Score
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Participants (n = 559) in risk prediction model were divided into 3 risk-level groups based on their risk scores and cut-off values derived from
classification and regression tree analysis. The incidence rates in the high-risk groups were notably higher than in the other groups.

DISCUSSION

The CHECK HEART-BC study was a multicenter pro-
spective study designed to develop a robust predic-
tion model for cardiotoxicity through systematic
evaluation of cardiac function in patients with breast
cancer receiving chemotherapy. This study high-
lights 3 important findings: 1) among the 559
consecutive chemotherapy-naive female patients
with breast cancer, cardiotoxicity developed in 46
patients (n = 46 of 559, 8.2%); 2) temporal deterio-
ration in LV and RV systolic function was observed in
patients with and without cardiotoxicity; and 3) the
risk prediction model (CHECK HEART score) was
developed using baseline variables (visit 0) (Central
Illustration) and demonstrated sufficient predictive
accuracy at 12 months (AUC: 0.82; 95% CI: 0.76-0.89).

CLINICAL CHARACTERISTICS OF CARDIOTOXICITY

The incidence of cardiotoxicity after chemotherapy
in this study (n = 46 of 559, 8.2%) was comparable to
rates reported in previous large cohort studies.?"*?
Although older age and comorbidities such as hy-
pertension, diabetes mellitus, and dyslipidemia have

been identified as risk factors for cardiovascular

toxicity,'®*»**> these factors were similar between
patients with and without cardiotoxicity. Ethnicity
and background characteristics may have influenced
these results, as the study population consisted of
relatively young Japanese patients with generally
low body mass index. The cardiotoxic effects of
anthracycline, trastuzumab, and their sequential use
are well established. Consistent with previous
studies, the incidence of cardiotoxicity was higher in
patients receiving sequential anthracycline and
trastuzumab therapy than those not receiving
sequential therapy, and this was reflected in the in-
clusion of sequential therapy within the CHECK
HEART score based on literature review. The defini-
tion of cardiotoxicity is generally based on LV sys-
tolic function; however, significant deterioration in
RV systolic function was also observed in this study.
Notably, 44 of 46 patients with cardiotoxicity (95.7%)
were asymptomatic, whereas only 2 required hospi-
talization for heart failure. These findings suggested
that chemotherapy with or without radiotherapy for
breast cancer may lead to stage B heart failure
(asymptomatic cardiac diastolic and/or systolic
dysfunction), which could progress to symptomatic
heart failure (stage C/D). In a previous single-center
prospective study, we reported that chemotherapy
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altered the native T1 value on cardiac magnetic
resonance imaging in patients with breast cancer,
indicating myocardial damage due to chemo-
therapy.®* Although cardiac magnetic resonance im-
aging can sensitively detect early-stage heart failure,
its clinical application is limited. Therefore, we
aimed to develop risk prediction models based on
accessible clinical parameters, namely, the CHECK
HEART score.

PREDICTIVE VALUE OF THE CHECK HEART SCORE.
Several prediction models have been previously re-
ported; however, they were limited by narrow
chemotherapy regimen applicability, small sample
sizes, retrospective cohort designs, and insufficient
longitudinal cardiac assessment. The present study
addressed these limitations by prospectively
including patients with breast cancer treated with
various regimens and completing both pretreatment
and longitudinal cardiac assessment in a large sample
size. The CHECK HEART score comprised heart rate,
LV end-systolic and end-diastolic diameters, LVGLS,
RVFAC, and treatment with anthracycline and tras-
tuzumab. The time-dependent AUC of the risk pre-
diction model suggested sufficient accuracy for
clinical practice. The competing risk analysis
demonstrated that all-cause mortality did not affect
predictive accuracy. Furthermore, the prediction
models are feasible because the variables are easily
obtainable in clinical settings.

Radiotherapy has been associated with several
adverse cardiac effects, including ventricular
dysfunction, valvular heart disease, coronary artery
disease, and pericardial heart disease.'?**>*> Howev-
er, left tangential radiotherapy can reduce cardiac
exposure during breast cancer treatment. Anthracy-
clines and trastuzumab are well-known cardiotoxic
agents, and their sequential use has been associated
with a high risk of cardiotoxicity in patients with
breast cancer.'?'>?*?> Consistent with previous
studies, sequential anthracycline and trastuzumab
therapy synergistically increased cardiotoxicity risk
in this study.

Resting heart rate is affected by various factors,
including cardiac function, autonomic nervous sys-
tem, and neurohumoral factors. A high resting heart
rate is a known risk biomarker for cardiovascular
diseases and cancer. A meta-analysis showed that a
resting heart rate of >60 beats/min was a risk
factor for poor prognosis, and an increase of 10 to
12 beats/min in the resting heart rate increased the
risk in patients with cancer.?®

In cardio-oncology surveillance, cardiac imaging
often focuses on the LV but cardiotoxicity can also

Terui et al
Risk Prediction Models for Breast Cancer Cardiotoxicity

TABLE 5 Summary of the CHECK HEART Score

The Incidence of
Cardiotoxicity

Event/Sample
Group Size (%) HR (95% CI) P Value
46/559 (8.2)
Low risk 11/381 (2.9) Reference NA
Moderate risk 15/100 (15.0) 5.89 (2.70-12.9) <0.001
High-risk 20/78 (25.6) 11.5 (5.43-24.2) <0.001

NA = not applicable.

lead to RV dysfunction.?” Therefore, it is important to
evaluate RV function during cardio-oncology sur-
veillance. RVFAC correlated well with RV ejection
function and is highly useful in clinical practice.?®
LVGLS was selected as the parameter for LV systolic
function in the risk prediction model based on Cox
regression analysis.

Biomarkers, including natriuretic peptides and hs-
Tn, were not selected by our analysis as variables.
These findings are consistent with a meta-analysis
reporting no correlation between natriuretic peptide
and LV dysfunction following chemotherapy.”® These

FIGURE 4 The CHECK HEART Score: Time-Dependent Area
Under the Curve

0.90
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0.50

T

320 340 360 380 400

Follow-up duration [days]

Area under the curve at 365-days follow-up :
0.82 (95% confidence intervals 0.76-0.89)

The CHECK HEART score was derived using patient character-
istics and clinical data at baseline (visit 0). The blue line and
zone show the time-dependent area under the receiver oper-
ating characteristic curve (time-dependent AUC) and 95% CI.
The time-dependent AUC at 12 months was 0.82 (95%Cl
0.76-0.89).
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FIGURE 5 Cumulative Incidence Curve of Cardiotoxicity Using the CHECK HEART Scores
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incidence of a competing risk (all-cause death).

Cumulative incidence curves using the Fine-Gray model showing the incidence of cardiotoxicity in each risk group based on the CHECK
HEART score. The solid lines show the incidence of cardiotoxicity and a competing risk (all-cause death), and the dashed lines show the

biomarkers were likely excluded because most pa-
tients with cardiotoxicity in this study had asymp-
tomatic LV dysfunction, and no significant changes
were detected in echocardiographic parameters
related to LV filling pressure, such as E/e’. One hun-
dred ninety-two of 199 patients (96.5%) with
elevated serum cardiac troponin levels 3 months af-
ter chemotherapy initiation (visit 1) had received
anthracycline. Therefore, treatment with anthracy-
cline may be a potential confounder in cardiac
troponin elevation, limiting its predictive value for
cardiotoxicity development.

CLINICAL FEASIBILITY OF THE CHECK HEART
SCORE. The incidence of cardiotoxicity varied
depending on its validated definition, ranging be-
tween 3.7% and 11.4%. Supplemental Figure 3 shows
variations in cardiotoxicity definitions across guide-
lines and studies.®'%'>?! Importantly, the predictive
accuracy of the CHECK HEART score remained
consistent when applied to the new definitions of
cancer therapy-related cardiac dysfunction outlined
in the latest European Society of Cardiology guide-
lines on cardio-oncology.'® As shown in the Central

Illustration, in clinical practice, the follow-up in-
tervals may be extended for patients classified as
low-risk. Approximately 70% (381 of 559) of
patients were assigned to the low-risk group. Close
surveillance is recommended for patients in the
moderate- and high-risk groups (incidence rate of
cardiotoxicity: 15.0% [15 of 100] and 25.6% [20 of 78],
respectively) to enable early detection and improve
cardiovascular outcomes.

STUDY LIMITATIONS. First, although the CHECK
HEART score accurately predicted cardiotoxicity
during the 12-month follow-up, long-term prognosis
remains unknown. Second, the study did not include
a control group of patients with breast cancer treated
without chemotherapy. Third, although the study
population consisted of patients with breast cancer,
extrapolation to other cancer types is limited. Addi-
tionally, the CHECK HEART score does not account
for novel therapeutic agents such as tyrosine kinases
inhibitors or immune checkpoint inhibitors. Future
studies should target patients receiving these thera-
pies. Fourth, this study lacked external validation,
and the generalizability to other racial populations is
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CENTRAL ILLUSTRATION Schematic Representation of the CHECK HEART-BC Study
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Terui Y, et al. JACC Asia. 2026;6(2):229-241.

The CHECK HEART score was developed using baseline variables and demonstrated sufficient predictive accuracy at 12 months (time-dependent AUC: 0.82; 95% Cl:
0.76-0.89). The formula for the CHECK HEART score was as follows: CHECK HEART score = (0.0269 x [heart rate at baseline, beats/min]) — (0.0384 x [LVDd at
baseline, mm]) + (0.209 x [LVDs at baseline, mm]) + (0.199 x [LVGLS at baseline, %]) — (0.0540 x [RVFAC at baseline, %]) + (0.592 x treated with anthracycline
and trastuzumab). Notably, approximately 70% of patients were assigned to the low-risk group in which the incidence of cardiotoxicity was only 2.9%. In clinical
practice, the follow-up intervals may be extended for patients classified as low risk. Close surveillance is recommended for patients in the moderate- and high-risk
groups to enable early detection and improve cardiovascular outcomes. AUC = area under the curve; LVDd = left ventricular diameters in diastole; LVDs = left
ventricular diameters in systole; LVGLS = left ventricular global longitudinal strain; RVFAC = right ventricular fractional area change; Tmab = trastuzumab.
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uncertain. Internal validation demonstrated consis-
tent accuracy, including when cardiotoxicity defini-
tions from various guidelines and studies were
applied. A future external validation study is war-
ranted to further assess the utility of the CHECK
HEART score.

CONCLUSIONS

The CHECK HEART-BC study, a multicenter pro-
spective study involving comprehensive cardiac
assessment in chemotherapy-naive patients with
breast cancer, developed multivariable risk predic-
tion models using the CHECK HEART score. These
models accurately predict cardiotoxicity and support
effective surveillance in clinical practice.
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