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Abstract: Cancer-therapeutics-related cardiac dysfunction (CTRCD) is an important concern in
women receiving trastuzumab therapy for HER2+ breast cancer. However, the ability to assess
CTRCD risk remains limited. In this retrospective cohort study, we apply three published risk
prediction models (Ezaz et al., NSABP-31 cardiac risk scores (CRS), and HFA-ICOS trastuzumab pro-
forma) to 629 women (mean age 52.4 ± 10.9 years) with Stage I-III HER2+ breast cancer treated with
trastuzumab ± anthracyclines to assess their performance to identify CTRCD during or immediately
post treatment. Using these models, patients were classified into CTRCD risk categories according
to the pre-treatment characteristics. With NSABP-31 CRS and HFA-ICOS proformas, patients in the
highest risk category had a 1.7-to-2.4-fold higher relative risk of CTRCD than the low-risk category
(p = 0.010 and 0.005, respectively). However, with all three risk models, those in the low-risk category
had a high absolute risk of CTRCD (15.5–25.5%). The discrimination of the models for CTRCD (AUC
0.51–0.60) and their calibration was limited. NSAP-31 CRS and HFA-ICOS proformas can identify
relative differences in CTRCD risk between patients, but when considering absolute risk, they are
only able to identify the highest risk patients. There remains an ongoing need for accurate CTRCD
risk prediction models in women with HER2+ breast cancer.

Keywords: cardiotoxicity; risk prediction models; cardiac dysfunction; trastuzumab-induced cardiotoxicity

1. Introduction

Cancer-therapeutics-related cardiac dysfunction (CTRCD) can occur in >15% of women
receiving anthracycline and trastuzumab therapy for HER2+ breast cancer [1–3]. This risk
may be increased in the presence of cardiovascular risk factors [4,5]. The development of
CTRCD may herald an increased risk of heart failure. Moreover, CTRCD is among the most
common causes for HER2 therapy interruption, which in turn may be associated with a
worse recurrence risk [6,7]. As such, cardiovascular risk management is a priority within
the integral care of this population.

While risk factors for CTRCD development are well recognized, our ability to accu-
rately determine patient-specific CTRCD risk remains limited [8,9]. Two different risk
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models have been published with the aim of CTRCD risk prediction in trastuzumab treated
patients both during and after treatment [10,11]. However, these risk models have lim-
ited [12] or no external validation. More recently, the Heart Failure Association (HFA) of the
European Society of Cardiology in collaboration with the International Cardio-Oncology So-
ciety (ICOS) developed proformas that proposed an expert-opinion-based weighted model
with the intention of facilitating pre-cancer therapy risk stratification and cardio-oncology
referral [13]. This model has also had limited validation [14].

In order to use these models to identify CTRCD risk during treatment, it is important
to establish whether these models work in populations outside those in whom they were
derived, or in the case of HFA-ICOS proformas, to validate what is considered expert opin-
ion. In this study, we seek to assess the performance of these models for the identification
of CTRCD during cancer treatment by determining the discrimination and calibration of
these three models in a cohort of women with HER2+ breast cancer who received treatment
with chemotherapy and trastuzumab in routine clinical practice.

2. Materials and Methods
2.1. Patients

In this retrospective cohort study, we included women ≥18 years of age with HER2/neu
over-expressing (HER2+) breast cancer (stage I-III) treated with trastuzumab with or with-
out anthracycline at the Princess Margaret Cancer Centre, Toronto, Canada, between 2006
and 2019. We included patients who had a pre-therapy multi-gated acquisition (MUGA)
scan or 2D echocardiogram and ≥3 follow up scans. Women with stage IV cancer and
those who were deemed palliative were excluded from this study. For each patient, the
following data were obtained through electronic patient records: demographics, previous
cardiac history, cardiac medications at baseline, cardiac risk factors, baseline breast cancer
characteristics, cancer treatment (including anthracycline dose, radiotherapy, surgery) and
LVEF data. Patients were followed until the completion of the trastuzumab therapy.

2.2. Cancer Therapeutics Related Cardiac Dysfunction (CTRCD)

Our primary definition of CTRCD was based on the Cardiac Review and Evaluation
Committee (CREC) criteria using the same imaging modality: an absolute LVEF decline
of ≥10% to <55% without HF symptoms or ≥5% drop to <55% with HF symptoms at
any point during or immediately post cancer therapy [15]. We also performed sensitivity
analysis using the European Society of Cardiology (ESC) definition—an absolute reduction
in LVEF >10% to a value below 50% [16]—and the American Society of Echocardiography
(ASE) definition—an absolute reduction in LVEF >10% to below 53% [17]. For all definitions,
when the baseline LVEF was below the lower limit of normal, an additional >10% reduction
in LVEF was used to define CTRCD.

2.3. Risk Models

For each patient, we classified their CTRCD risk using the models developed by
Romond et al. (National Surgical Adjuvant Breast and Bowel Project B-31 cardiac risk
score (NSABP-31 CRS)) [11] and Ezaz et al. [10], and based on the HFA-ICOS trastuzumab
proforma [13]. Please refer to Supplementary Materials Table S1 for details regarding
the risk models. The model by Ezaz et al. (hereafter referred to as the Ezaz model), was
developed with the Surveillance, Epidemiology and End Results (SEER)-Medicare database
to predict heart failure/cardiomyopathy risk within 3 years of cancer diagnosis in older
women with HER2+ breast cancer who received adjuvant trastuzumab therapy. For this
model, patient and treatment characteristics were associated with numerical points, with
total points ranging from 0 (lowest risk) to 12 (highest risk). The authors, however, only
reported CTRCD incidence after aggregating the points into three categories (i.e., 0–3 as
low risk; 4–5 as medium risk; 6–9 as high risk). The CTRCD outcome for the Ezaz model
(heart failure or cardiomyopathy) was based on ICD-9 codes.
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The NSABP-31 CRS was developed using part of the NSABP-31 clinical trial cohort
and utilized baseline LVEF and age to calculate a score (Supplementary Materials Table
S1) in women with HER2+ breast cancer treated with anthracyclines and trastuzumab [11].
These patients were followed for up to a total of 7 years. The NSABP-31 CRS predicted
the probability of “definite or probable cardiac death or congestive heart failure (CHF)
manifested by dyspnea with normal activity or at rest and associated with an absolute
decrease in LVEF of greater than 10 percentage points from baseline to a value less than 55%
or a decrease of more than 5% to a value below the lower limit of normal”. The majority of
the cardiac outcomes in this study (95%) occurred within the first 2 years [18].

With the HFA-ICOS proformas for trastuzumab (hereafter referred to as HFA-ICOS
proforma), patient and treatment factors are designated from medium-to-very-high risk [13].
After the risk factors are identified, a final risk category combining these risk factors is
derived (Supplementary Materials Table S1). This score was based on expert opinion with
the suggested definition of risk categories for future CTRCD as follows: low <2%, medium
2–9%, high risk 10–19%, and very high >20%. Events defining CTRCD or their timing were
not defined. The HFA-ICOS proforma also included optional consideration of biomarkers
(troponin and B-type natriuretic peptide); however, given the retrospective nature of our
study and lack of standardized biomarker collection, we did not have this to include for
our full cohort; however, in the subgroup with patients that had these data available, we
performed a subgroup analysis.

2.4. Statistical Analysis

Patient characteristics were reported using descriptive statistics. Continuous variables
are summarized using the mean ± standard deviation. For the risk models, chi-square test
or Fisher’s exact tests were used to assess statistical differences in the incidence of CTRCD
between risk categories. One-way ANOVA was used to assess differences in continuous
variables between the risk categories for the models.

We assessed the discriminatory accuracy of the risk models using the area under the
receiver operating characteristic curves (AUC). We summarized the model calibration using
calibration plots (i.e., predicted vs. observed absolute risk) for each model. The predicted
CTRCD risks for the Ezaz model were based on the incidence of CTRCD described in the
original publication for 3 risk categories (Supplementary Materials Table S1). For the HFA-
ICOS proforma, the predicted CTRCD risk was based on the suggested risk for the four
risk categories in the original publication. To calculate the predicted risk for the NSABP-31
CRS, knowledge of the cumulative incidence function in terms of CRS is required; however,
the authors did not provide this information. The authors outlined the CRS formulation
and visually presented the functional relation between CRS and the risk of cardiac events
(see Figure 4A of Romond et al.) [11]. Therefore, we used the reported CRS and the risk of
cardiac events in a subset of patients in the Supplementary Materials and approximated
the functional relation between CRS and the risk of cardiac events using restricted cubic
splines. Subsequently, we calculated the risk of cardiac events for the validation patients
and stratified them based on the quintiles of the predicted risk given that the original study
did not divide patients into risk categories. Moreover, to enable the comparison of the
NSABP-31 CRS with the other scores in the exploratory analysis, we divided the cohort into
a low, medium, and high-risk category based on the tertiles of the distribution of the score
in our cohort. Finally, we calculated the proportion of patients with CTRCD in our cohort
to be the observed risk in each risk group for each model. The 95% CIs were estimated
using logistic regression.

Statistical tests were two-sided and p < 0.05 was considered to be statistically signifi-
cant. All statistical analyses were performed with SPSS (v27, IBM Inc., Armonk, NY, USA)
and R (v4.0.3, R Foundation for Statistical Computing, Vienna, Austria).
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3. Results
3.1. Patients

A total of 629 women were included. The mean age was 52.4 ± 10.9 years and the
baseline LVEF was 65 ± 6.7%. There were 151 (24%) patients who developed CTRCD.
The baseline characteristics of the patients are provided in Table 1. Those who developed
CTRCD had a lower baseline left ventricular ejection fraction (p < 0.001). There was a greater
use of MUGA scans than echocardiograms in our patients given the time period over which
patients were treated. Comparisons of patient characteristics for each model based on the
various risk categories are provided in Supplementary Materials Table S2 and the available
baseline characteristics from the original studies are presented in Supplementary Materials
Table S3. As expected, with all the risk models, patients deemed to be at higher risk in our
study were older and were more likely to have baseline cardiovascular risk factors.

Table 1. Summary of baseline characteristics of the whole cohort and stratified by CREC cardiotoxicity
definition.

All Patients
N = 629

CTRCD
N = 151

No CTRCD
N = 478 p Value

Age, years ± SD 52.4 ± 10.9 52.7 ± 10.9 52.4 ± 10.9 0.827

Tumor laterality, n (%) 0.689

Left 341 (54) 79 (52) 262 (55)

Right 268 (43) 68 (45) 200 (42)

Bilateral 21 (3) 4 (3) 17 (4)

Stage, n (%) 0.152

1 127 (20) 23 (15) 104 (22)

2 329 (52) 80 (53) 249 (52)

3 173 (28) 48 (32) 125 (26)

Hormone receptor positive (either
ER/PR), n (%) 413 (66) 98 (65) 315 (66) 0.821

Post-menopausal status, n (%) 309 (49) 72 (48) 237 (50) 0.709

Surgery (mastectomy or lumpectomy), n (%) 622 (99) 149 (99) 473 (99) 0.776

Anthracycline received, n (%) 568 (90) 138 (91) 430 (90) 0.604

Cumulative anthracycline, mg/m2 ± SD 272.4 ± 76 275.6 ± 80 260 ± 75 0.061

Radiotherapy, n (%) 493 (78) 127 (84) 366 (77) 0.499

Diabetes, n (%) 44 (7) 11 (7) 33 (7) 0.856

Hypertension, n (%) 110 (18) 30 (20) 80 (17) 0.391

Dyslipidemia, n (%) 83 (13) 25 (17) 58 (12) 0.169

Smoker (current), n (%) 46 (7) 13 (9) 33 (7) 0.476

Smoker (Ex), n (%) 122 (19) 31 (21) 91 (19) 0.723

At least 1 CVRF, n (%) 402 (64) 106 (70) 296 (62) 0.065

Coronary artery disease, n (%) 16 (3) 3 (2) 13 (3) 0.618

Heart failure, n (%) 5 (1) 1 (1) 4 (1) 0.833

Atrial fibrillation, n (%) 12 (2) 5 (3) 7 (2) 0.148

Baseline LVEF, % ± SD 64 ± 7 62 ± 7 65 ± 7 0.001

Imaging modality, n (%) 0.010

MUGA 440 (70) 93 (62) 347 (73)

Echo 189 (30) 58 (38) 131 (27)
CTRCD, cancer-therapeutics-related cardiac dysfunction; SD, standard deviation; ER, estrogen receptor; PR,
progesterone receptor; CVRF, cardiovascular risk factor; CREC, cardiac review and evaluation committee; MUGA,
multi-gated acquisition; Echo, echocardiography; LVEF, left ventricular ejection fraction.
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3.2. Incidence of CTRCD within Risk Score Categories

When the Ezaz model was applied to our cohort, there were 577 (92%), 45 (7%),
and 7 (1%) patients in the low-, medium- and high-risk categories of whom CTRCD was
identified in 141 (24.4%), 9 (20%), and 1 (14.3%) patients, respectively (p = 0.67).

With the NSABP-31 CRS, based on the distribution of the score in our cohort, we
classified patients into tertiles of CRS. There were 223 patients (36%), 204 (32%), and 202
(32%) patients in the low (CRS ≤ 50), medium (CRS 51–64), and high (CRS ≥ 65 points)
categories of whom CTRCD was identified in 40 (17.9%), 50 (24.5%), and 61 (30.2%) patients,
respectively (p = 0.01).

With the HFA-ICOS proforma, 193 (31%), 404 (64%), 27 (4%) and 5 (1%) patients
were in the low-, medium-, high-, and very-high-risk categories with CTRCD identified in
30 (15.5%), 109 (26.9%), 10 (37.0%), and 2 (40.0%) patients, respectively (p = 0.005).

3.3. Discrimination and Calibration of the Risk Models

As a measure of discrimination, receiver operator characteristic curves for the three
models are presented in Figure 1. For the Ezaz model, AUC was 0.51 (95% CI: 0.48–0.55),
NSABP-31 CRS 0.60 (95% CI: 0.55–0.65) and the HFA-ICOS proforma 0.58 (95% CI: 0.54–0.62).
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Figure 1. Assessment of discrimination and calibration for the three models. ROC Curve and
Calibration plots for the Ezaz model (A,D). NSABP-31 CRS (B,E) and HFA-ICOS Proforma (C,F). In
Panel A-C, the dotted line represents how a random classifier would perform while the solid line
represents the performance of the model being evaluated. The AUCs and 95% CIs are provided as an
insert. In Panel D-F, the dotted line represents perfect calibration. The red dots represent the observed
risk of CTRCD of the risk groups, as defined by Ezaz model, the quintiles of NSABP-31 CRS, or
HFA-ICOS Proforma, from our cohort. The red bars represent 95% CIs of the observed risks. NSABP-
31 CRS, National Surgical Adjuvant Breast and Bowel Project B-31 cardiac risk score; HFA-ICOS
Proforma, Heart Failure Association of the European Society of Cardiology-International Cardio-
Oncology Society Proforma; AUC, area under curve; ROC Curve, receiver operating characteristic
curves; CI, confidence interval.
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The calibration plots for all the models are shown in Figure 1 and were generally poor
across all three models. For the Ezaz model, the low-risk group had the highest observed
CTRCD risk, and the high-risk group had the lowest observed risk. The estimated risks by
NSABP-31 CRS (from the original publication) were consistently and substantially lower
than the observed risk. HFA-ICOS Proformas also underestimated the risk considerably.
The small number of patients in the higher risk categories of the Ezaz model and HFA-ICOS
proforma contributed to the wide 95% CIs of the observed risks.

3.4. Sensitivity Analyses

As Ezaz et al. developed their model in women 67 years of age and older, we repeated
the analysis only in these older patients from our cohort (n = 64). There were 45, 15, and
4 patients with low-, medium-, and high-risk categories of whom 15 (33.3%), 4 (26.7%),
and 1 patient (25%), respectively, developed CTRCD (p = 0.856). Despite this alignment of
the model development and validation cohorts, the model discrimination was poor (AUC
(95% CI) 0.44 [0.30–0.58]), and the calibration remained suboptimal (Figure 2). The wide
95% confidence intervals reflect the small sample size of this subgroup.
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age and older only. Please see the caption of Figure 1 for additional information regarding the figure.
AUC, area under curve; ROC Curve, receiver operating characteristic curves.

Since patients in the NSABP-31 study all received anthracycline, we repeated the
analysis for the NSABP-31 CRS, including only the patients who received anthracyclines
prior to trastuzumab (n = 568). There were 201, 184, and 183 patients, in the low, medium
and high CRS categories with CTRCD diagnosed in 38 (18.9%), 47 (25.5%), and 53 (28.9%)
patients, respectively (p = 0.064). The AUC for the score’s discrimination was unchanged
compared to the whole cohort at 0.59 (95% CI: 0.54–0.64) and, overall, the estimated risks
were lower than the observed risk of CTRCD (Figure 3).

Biomarkers were optional in the HFA-ICOS proformas. We examined the potential
added value of baseline (pre-trastuzumab) troponin and BNP to the HFA-ICOS proformas.
These measurements were available in 184 patients in our cohort; there were 26 patients
who had pre-trastuzumab troponin and/or BNP that were above our institutional normal
values (hsTnI > 16 ng/L, BNP > 100 pg/mL). A total of 7 patients were re-classified from
the low to the medium risk category, 18 patients remained within the medium risk category,
and 1 patient moved from the medium to the high-risk category. With the inclusion of
biomarkers, there were 40 (22%), 140 (76%), and 4 (2%) patients in the low-, medium-,
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and high-risk categories of whom 10 (25%), 46 (33%), and 1 (25%) developed CTRCD,
respectively (p = 0.617). There were no patients in the very-high-risk category. The AUC for
discrimination was 0.53 (95% CI: 0.46–0.59) and the calibration remained poor (Figure 4).
The wide 95% CI for the high-risk group reflects the small sample size in that group.
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Using the ESC and ASE definitions, 35 (5.6%) and 102 (16.2%) patients, respectively,
in our cohort were classified as having CTRCD. The characteristics of patients with and
without CTRCD based on these definitions are provided in Supplementary Materials
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Tables S4 and S5. The proportion of patients experiencing CTRCD with the ASE and ESC
definitions of CTRCD in the various risk categories are summarized in Supplementary
Materials Table S6. A statistically significant graded increase in CTRCD risk with increasing
risk category was only seen with the HFA-ICOS proforma with the ASE definition and
the NSABP-31 CRS with the ESC definition. With respect to discrimination, the AUCs for
the Ezaz model, NSABP-31 CRS and HFA-ICOS proformas were 0.52 (95% CI: 0.44–0.59),
0.69 (95% CI: 0.60–0.78) and 0.53 (95% CI: 0.46–0.61), respectively (Figure 5). Compared to
the CREC CTRCD definition, with the ESC definition, the NSABP-31 CRS showed better
calibration, while there was an underestimation of risk with the Ezaz model for all risk
categories and a better calibration at the lower risk categories for the HFA-ICOS proformas
(Figure 5).
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Figure 5. Discrimination and calibration of the risk models using the ESC CTRCD definition. ROC
curves and calibration plots for the Ezaz model (A,D), NSABP-31 CRS (B,E), and HFA-ICOS profor-
mas (C,F). Please see the caption of Figure 1 for additional information regarding the figure. ESC,
European Society of Cardiology; NSABP31-CRS, National Surgical Adjuvant Breast and Bowel Project
B-31 cardiac risk score; HFA-ICOS Proforma, Heart Failure Association of the European Society of
Cardiology-International Cardio-Oncology Society Proforma; AUC, area under curve; ROC Curve,
receiver operating characteristic curves.

For the ASE defined CTRCD, with respect to discrimination, the AUCs for the Ezaz
model, NSABP-31 CRS and HFA-ICOS proformas were 0.53 (95% CI: 0.48–0.58), 0.58
(95% CI: 0.52–0.63) and 0.57 (95% CI:0.52–0.62), respectively (Figure 6). Compared with the
CREC definition, the calibration for the Ezaz model was better; however, for the other two
models, the calibration remained poor (Figure 6).
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Finally, we assessed whether the use of MUGA versus 2D-echocardiography con-
tributed to differences in CTRCD incidences for the various risk models and risk categories.
Generally, a higher incidence of CTRCD was seen with 2D-echocardiography than MUGA
(Supplementary Materials Table S7). Significant differences were seen in the medium risk
category of the HFA-ICOS proforma (p = 0.021), the low-risk category for the Ezaz model
(p = 0.021), and the low-risk category for the NSABP-31 CRS (p = 0.001).

4. Discussion

In this retrospective cohort study of women with HER2+ early-stage breast cancer
treated with trastuzumab, we assessed the performance characteristics of three published
risk models previously developed for the prediction of CTRCD. With the NSABP-31 CRS
and the HFA-ICOS proforma, the incidence of CTRCD in our cohort increased with the
higher risk categories, but this was not seen with the Ezaz model. With both the NSABP-31
CRS and HFA-ICOS proforma, patients deemed to be at a high or very high risk had a
1.7–2.4-fold higher incidence of CTRCD. However, the absolute CTRCD risk (as used in
clinical practice) in the low-risk categories of all three risk models was high (15.5% to 25.5%),
precluding their use to identify patients truly at low CTRCD risk (e.g., CTRCD incidence
< 5%). Overall, the performance of all three models with respect to its discrimination for
CTRCD and its calibration with published/suggested incidence was limited.
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4.1. CTRCD Risk Assessment

Several risk factors for the development of CTRCD in women with HER2+ breast
cancer receiving trastuzumab-based therapies have been described (e.g., age, low–normal
LVEF, diabetes, hypertension, and anthracycline exposure) [4,9], but these risk factors in
isolation are insufficient to accurately determine patient-specific CTRCD risk [8,9,16]. Un-
fortunately, cardiovascular disease risk prediction models used for the general population
are not well suited for patients with cancer as they do not account for the competing risk
for cancer death or the use of potentially cardiotoxic cancer therapy [19,20]. Therefore,
cancer-specific risk models in these patients are much needed. These models can be used
to help to guide cancer therapy (e.g., the use of anthracycline vs non-anthracycline based
regimens) [21], support decisions regarding cardio-oncology consultation, escalated vs.
de-escalated cardiac surveillance [4], initiation of cardio-protective therapy, and long-term
cardiovascular follow-up. For example, less than 3% of imaging studies performed as part
of routine screening in women with breast cancer have been shown to result in a change in
care [22], suggesting that it may be possible to reduce the intensity of cardiac surveillance
in a very large proportion of true low-risk individuals if we can identify them reliably.
Furthermore, risk stratification may also enable the conduction of clinical trials of primary
prevention using a risk-based as opposed to a “one-size-fits all” approach, as the benefits
would most likely occur in higher risk patients [23].

4.2. Existing Risk Prediction Models

Given their potential importance, the development of CTRCD risk prediction models
have remained a research priority in cardio-oncology. To date, there have been three
published risk prediction models [10,11,13] for women with early stage HER2+ breast
cancer, but these have had limited or no external validation. It is also of note that the
HFA-ICOS proforma is an expert-consensus-derived risk model and hence has had limited
validation [12]. To potentially promote more clinical uptake of these models, we sought
to assess and compare the performance of these models in a large cohort of women with
HER2+ breast cancer treated in a routine clinical practice. We focused on the diagnosis of
CTRCD by the end of treatment, as this can affect ongoing cancer treatment and majority
of CTRCD events in women with HER2+ early-stage breast cancer occur by the end of the
treatment [4,11,18,24]. In our cohort, the NSABP-31 CRS and the HFA-ICOS proformas
appear to identify patients with graded risk for CTRCD with the highest risk categories
having a 1.7-to-2.4-fold higher risk of CTRCD compared to the lowest risk category. This
was, however, not seen with the Ezaz model. An important finding in our cohort was that
all three existing models were poor in identifying patients at low absolute risk of CTRCD
as the risk in this group ranged from 15.5–24.4%. Given that majority of patients in clinical
practice would not be at high risk for CTRCD, the inability to identify patients truly at low
absolute risk of CTRCD is an important limitation of these existing models.

The Ezaz model had the poorest discrimination amongst the risk models with the
lowest incidence of CTRCD seen in the highest risk group in our cohort. This may be
due to several reasons. First, the majority of our patients (92%) fell into the low-risk
category. The lowest risk patients in the Ezaz et al.’s derivation cohort were likely those
who did not receive chemotherapy (16.4% of their cohort) or received non-anthracycline-
based chemotherapy (47.7% of their cohort); however, only 10% of our cohort received
non-anthracycline-based chemotherapy (Table 1). Secondly, we used a more sensitive
definition of CTRCD, based on LVEF change as opposed to the ICD-9 based diagnosis of
cardiomyopathy and HF. Thirdly, the Ezaz model does not consider baseline LVEF in risk
calculation; however, this measure has consistently been identified as an important risk
factor for CTRCD in trastuzumab-treated patients [11,25]. Fourthly, our follow-up duration
was shorter (3 years versus ~1.5 years); however, most CTRCD events in these patients
have been shown to occur by the end of the treatment [1,11,25]. Finally, Ezaz et al. included
older patients (mean age 73.6 years vs. 52 years in our study) with greater cardiovascular
co-morbidities (e.g., hypertension in 60% vs. 18% in our cohort). Our sensitivity analysis
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focusing on older patients did not show improved performance of the model. Overall, our
findings are similar to a recent study that assessed the performance of the Ezaz model in
patients referred to a cardio-oncology program where the incidence of CTRCD was 43%,
64%, and 30% in the low-, medium,- and high-risk groups, again suggesting the limited
performance of the model [12].

When comparing our cohort to that of Romond et al.’s, their patients were slightly
younger (mean age 49 vs. 52 years), but they had a similar prevalence of cardiovascular
risk factors. There was a difference in CTRCD definition compared to our study as patients
not only had to meet the LVEF change criteria (as in our study), but also have heart failure
symptoms. Furthermore, CV death was included in their definitions, although only a single
death was reported in the study. The detection of CTRCD was based on MUGA scans as
was the case in the majority of our patients. Although their follow-up was up to 7 years,
most cardiac events occurred by the end of therapy and is hence comparable to our cohort.
The lower CTRCD risk predicted with this model compared to that seen in our study likely
relates to the fact that (1) CTRCD required the presence of HF symptoms, which was not
available in our study, and (2) patients in their study did not receive trastuzumab if there
was a reduction in LVEF or cardiac symptoms post anthracyclines, but pre-trastuzumab
(seen in 6.3% of their patients) potentially resulting in a lower CTRCD risk population
compared to ours. (3) Finally, the study did not consider patients with asymptomatic
declines in LVEF that required trastuzumab interruption in their risk model and this
occurred in ~9% of their cohort.

The HFA-ICOS proforma for trastuzumab-treated patients was derived by expert
consensus based on the existing literature on the importance of individual risk factors.
This method had a similar discrimination to the NSABP-31 CRS with limited calibration,
especially at the lower risk categories. These findings are similar to a recent study by
Battisti et al., where the AUC for the HFA-ICOS proforma was reported to be 0.56 [14].
Therefore, there is a need to re-calibrate this model further for the identification of CTRCD.
However, in our cohort, on balance, the HFA-ICOS proforma performed the best to identify
CREC defined CTRCD. This is not surprising as it uses a combination of patient character-
istics, treatment information, and cardiac function measures to estimate CTRCD risk.

4.3. CTRCD Definition and Model Performance

An important finding in the current and other recent studies [3] is the fact that the
proportion of patients with CTRCD differed significantly based on the CTRCD definition
used. These multiple CTRCD definitions have often affected the generalizability of a partic-
ular study’s findings in cardio-oncology. Therefore, for all three models, we considered the
three accepted definitions of CTRCD (CREC, ASE, and ESC) as the outcome and re-assessed
discrimination and calibration in the sensitivity analysis. With the ESC definition for all
three models, the absolute risk of CTRCD in the low-risk group was more consistent with
what would be expected clinically (2–6%); however, the number of events overall was
small. With this definition, the discrimination of the NSABP-31 CRS (AUC 0.60 to 0.69)
and the calibration for both the NSABP-31 CRS and the HFA-ICOS proformas improved.
This suggests that perhaps the NSABP-31 CRS particularly may be better in identifying
the absolute risk of more significant CTRCD (i.e., a fall in LVEF to <50%). With the ASE
definition, there was no significant difference in discrimination or calibration for the three
models compared to the CREC definition. This is not surprising given that the major
difference between the CREC and ASE CTRCD criteria is the lower limit of normal LVEF of
55% versus 53%.

4.4. Limitations of Existing Models

Overall, there are several reasons why the current models may not have performed
as well for the diagnosis of CTRCD in our cohort. This includes variability in CTRCD
definition, exclusion of important cardiotoxicity-related outcomes, such as cessation of
trastuzumab therapy for reduction in LVEF in model generation as in the NSABP-31 CRS,
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lack of inclusion of a comprehensive set of clinical variables (e.g., the use of cardiac medica-
tions was not included in any of the models), lack of use of dynamic clinical information
(e.g., LVEF, strain, or biomarker change), and possibly absence of consideration of other
risk factors, such as exercise, genomics and socioeconomic status. Perhaps with the incor-
poration of these components into risk models using data from large, well-characterized,
multicenter cohorts, better CTRCD risk prediction models may be created.

4.5. Limitations

This is a retrospective cohort study and hence has its intrinsic limitations. Although we
had a large cohort of patients, a larger cohort may have helped to better assess the discrimi-
nation and calibration of the models studied especially for the higher risk categories. For the
risk models, there were some differences in the population in the original derivation cohort
and our study. We performed a sensitivity analysis to address these differences whenever
possible, showing that model performance did not change substantially overall. There
were also differences in the period over which the CTRCD outcome was determined and
the exact CTRCD definition in the NSABP-31 CRS, Ezaz models and our study. However,
the existing literature suggests that the majority of CTRCD events in trastuzumab-treated
patients occur by the end of the treatment period [1,11,25]. Furthermore, our focus on
assessing the performance of the models to detect CTRCD during treatment is clinically
important given that (1) this can result in cancer treatment interruption; (2) it is the period
where there is the highest chance to promote ventricular function recovery; and (3) is the
period where patients are most engaged with the health care system. Moreover, CTRCD
during cancer treatment in these patients is prognostically important as it has been shown
to be associated with long-term impact on cardiopulmonary fitness and persistent left
ventricular dysfunction [26]. For the HFA-ICOS proformas, the outcome and the follow-up
period were not pre-defined; however, we considered all three existing CTRCD definitions.
Moreover, for the HFA-ICOS proformas, we chose 30% as the predicted probability for
very high risk given the original manuscript suggested a risk of >20%; this may affect the
visual assessment of model calibration. Finally, we had patients who were followed with
echocardiograms and MUGA scans. Given that LVEF measurements with these modalities
are not interchangeable, we ensured that we used the same modality to define CTRCD.
Although 3D echocardiography is recommended as the method of choice to monitor for
CTRCD and global longitudinal strain (GLS) used as a method to identify early cardiac
injury, these measures were not universally available in our study given the recruitment
period. However, our study was focused on comparing various CTRCD risk prediction
models as opposed to examining methods to identify CTRCD.

5. Conclusions

Our study assessed performance characteristics of three published risk models previ-
ously developed for the prediction of CTRCD in a real-world clinical setting. Overall, the
discrimination and calibration of the three models studied were limited in our cohort. With
NSABP-31 CRS and the HFA-ICOS proforma, patients in the highest risk categories were at
1.7-to-2.4-fold higher risk of CTRCD by the end of the trastuzumab treatment compared
to the low-risk patients. All three models were suboptimal in identifying a cohort with
low absolute CTRCD risk. If used clinically, perhaps the role of these models may be in
identifying patients at the highest absolute risk of CTRCD. Overall, on balance, amongst
the three models, the HFA-ICOS proforma performed the best regardless of the CTRCD
definition, while the NSABP-31 CRS performed the best with the ESC CTRCD definition.
However, given the limitations of these models, there remains an ongoing need for robust
risk prediction models to identify patients at risk of CTRCD during trastuzumab therapy.
This would likely require a combination of clinical and genomic data, imaging measures,
novel blood biomarkers, along with the ability to include early changes in these measures
(i.e., a dynamic model) in order to accurately risk stratify patients for CTRCD. Such models
are much anticipated in the field.
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diotoxicity risk prediction models, Table S2: Comparison of the patient’s characteristics for the
3 models based on the CTRCD risk category, Table S3: Comparison of patient’s characteristics be-
tween our cohort and NSABP 31 CRS and Ezaz model. Available data in the original manuscript
are reported, Table S4: Summary of baseline characteristics of the whole cohort (stratified by ESC
CTRCD definition), Table S5: Summary of baseline characteristics of the whole cohort (stratified by
ASE CTRCD definition), Table S6: Proportion of patients who developed CTRCD with ASE and ESC
CTRCD definitions stratified by risk categories for the 3 risk models, Table S7: HFA ICOS proformas,
EZAZ and NSABP scores against CREC CTRCD criteria stratified by MUGA versus echocardiography.
Percentages reported amongst entire individual risk groups.

Author Contributions: Conceptualization, S.S. and P.T.; data curation, S.S. and P.T.; formal analysis,
S.S., C.-P.S.F. and P.T.; funding acquisition, O.C.-A., H.A.-Q. and P.T.; investigation, S.S. and P.T.;
methodology, S.S. and P.T.; project administration, P.T.; resources, S.S. and P.T.; software, S.S., C.-P.S.F.
and P.T.; supervision, P.T.; validation, S.S., C.-P.S.F. and P.T.; visualization, P.T.; writing–original draft,
S.S., O.C.-A. and P.T.; writing–review and editing, S.S., C.-P.S.F., O.C.-A., H.A.-Q., E.A. and P.T. All
authors have read and agreed to the published version of the manuscript.

Funding: Calvillo-Argüelles is supported by the Hold’em for Life Oncology Clinician Scientist
Award at the University of Toronto’s Faculty of Medicine. Thavendiranathan (147814) is supported
by a Canada Research Chair in Cardio-oncology. Abdel-Qadir is supported by a National New
Investigator Award from the Heart and Stroke Foundation of Canada.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the Institutional Review Board (or Ethics Commit-
tee) of University Health Network Research Ethics Board (protocol code 13-6459) expiration on 4
October 2022.

Informed Consent Statement: Informed consent was waived due to the retrospective nature of
the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to patient confidentiality/privacy.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Guglin, M.; Krischer, J.; Tamura, R.; Fink, A.; Bello-Matricaria, L.; McCaskill-Stevens, W.; Munster, P.N. Randomized Trial of

Lisinopril Versus Carvedilol to Prevent Trastuzumab Cardiotoxicity in Patients With Breast Cancer. J. Am. Coll. Cardiol. 2019, 73,
2859–2868. [CrossRef]

2. Narayan, H.K.; French, B.; Khan, A.M.; Plappert, T.; Hyman, D.; Bajulaiye, A.; Domchek, S.; DeMichele, A.; Clark, A.; Matro, J.; et al.
Noninvasive Measures of Ventricular-Arterial Coupling and Circumferential Strain Predict Cancer Therapeutics–Related Cardiac
Dysfunction. JACC Cardiovasc. Imaging 2016, 9, 1131–1141. [CrossRef]

3. Houbois, C.P.; Nolan, M.; Somerset, E.; Shalmon, T.; Esmaeilzadeh, M.; Lamacie, M.M.; Amir, E.; Brezden-Masley, C.; Koch, C.A.;
Thevakumaran, Y.; et al. Serial Cardiovascular Magnetic Resonance Strain Measurements to Identify Cardiotoxicity in Breast
Cancer. JACC Cardiovasc. Imaging 2020, 14, 962. [CrossRef]

4. Thavendiranathan, P.; Abdel-Qadir, H.; Fischer, H.D.; Liu, Y.; Camacho, X.; Amir, E.; Austin, P.C.; Lee, D.S. Risk-Imaging Mismatch
in Cardiac Imaging Practices for Women Receiving Systemic Therapy for Early-Stage Breast Cancer: A Population-Based Cohort
Study. J. Clin. Oncol. 2018, 36, 2980–2987. [CrossRef]

5. Thavendiranathan, P.; Abdel-Qadir, H.; Fischer, H.D.; Camacho, X.; Amir, E.; Austin, P.C.; Lee, D.S. Breast Cancer Therapy–
Related Cardiac Dysfunction in Adult Women Treated in Routine Clinical Practice: A Population-Based Cohort Study. J. Clin.
Oncol. 2016, 34, 2239–2246. [CrossRef]

6. Copeland-Halperin, R.S.; Al-Sadawi, M.; Patil, S.; Liu, J.E.; Steingart, R.M.; Dang, C.T.; Yu, A.F. Early Trastuzumab Interruption
and Recurrence-Free Survival in ERBB2 -Positive Breast Cancer. JAMA Oncol. 2020, 6, 1971. [CrossRef]

7. Rushton, M.; Lima, I.; Tuna, M.; Johnson, C.; Ivars, J.; Pritchard, K.; Hawken, S.; Dent, S. Impact of Stopping Trastuzumab in Early
Breast Cancer: A Population-Based Study in Ontario, Canada. JNCI J. Natl. Cancer Inst. 2020, 112, 1222–1230. [CrossRef]

8. Curigliano, G.; Lenihan, D.; Fradley, M.; Ganatra, S.; Barac, A.; Blaes, A.; Herrmann, J.; Porter, C.; Lyon, A.R.; Lancellotti, P.; et al.
Management of Cardiac Disease in Cancer Patients throughout Oncological Treatment: ESMO Consensus Recommendations.
Ann. Oncol. 2020, 31, 171–190. [CrossRef]

https://www.mdpi.com/article/10.3390/jcm11030847/s1
https://www.mdpi.com/article/10.3390/jcm11030847/s1
http://doi.org/10.1016/j.jacc.2019.03.495
http://doi.org/10.1016/j.jcmg.2015.11.024
http://doi.org/10.1016/j.jcmg.2020.09.039
http://doi.org/10.1200/JCO.2018.77.9736
http://doi.org/10.1200/JCO.2015.65.1505
http://doi.org/10.1001/jamaoncol.2020.4749
http://doi.org/10.1093/jnci/djaa054
http://doi.org/10.1016/j.annonc.2019.10.023


J. Clin. Med. 2022, 11, 847 14 of 14

9. Armenian, S.H.; Lacchetti, C.; Barac, A.; Carver, J.; Constine, L.S.; Denduluri, N.; Dent, S.; Douglas, P.S.; Durand, J.-B.; Ewer, M.; et al.
Prevention and Monitoring of Cardiac Dysfunction in Survivors of Adult Cancers: American Society of Clinical Oncology Clinical
Practice Guideline. J. Clin. Oncol. 2017, 35, 893–911. [CrossRef]

10. Ezaz, G.; Long, J.B.; Gross, C.P.; Chen, J. Risk Prediction Model for Heart Failure and Cardiomyopathy After Adjuvant
Trastuzumab Therapy for Breast Cancer. J. Am. Heart Assoc. 2014, 3, e000472. [CrossRef]

11. Romond, E.H.; Jeong, J.-H.; Rastogi, P.; Swain, S.M.; Geyer, C.E.; Ewer, M.S.; Rathi, V.; Fehrenbacher, L.; Brufsky, A.; Azar,
C.A.; et al. Seven-Year Follow-Up Assessment of Cardiac Function in NSABP B-31, a Randomized Trial Comparing Doxorubicin and
Cyclophosphamide Followed by Paclitaxel (ACP) With ACP Plus Trastuzumab As Adjuvant Therapy for Patients With Node-Positive,
Human Epidermal Growth Factor Receptor 2–Positive Breast Cancer. J. Clin. Oncol. 2012, 30, 3792–3799. [CrossRef]

12. Rushton, M.; Johnson, C.; Dent, S. Trastuzumab-Induced Cardiotoxicity: Testing a Clinical Risk Score in a Real-World Cardio-
Oncology Population. Curr. Oncol. 2017, 24, 176–180. [CrossRef]

13. Lyon, A.R.; Dent, S.; Stanway, S.; Earl, H.; Brezden-Masley, C.; Cohen-Solal, A.; Tocchetti, C.G.; Moslehi, J.J.; Groarke, J.D.;
Bergler-Klein, J.; et al. Baseline Cardiovascular Risk Assessment in Cancer Patients Scheduled to Receive Cardiotoxic Cancer
Therapies: A Position Statement and New Risk Assessment Tools from the C Ardio- O Ncology S Tudy G Roup of the H Eart F
Ailure A Ssociation of the E Uropean S Ociety of C Ardiology in Collaboration with the I Nternational C Ardio- O Ncology S
Ociety. Eur. J. Heart Fail. 2020, 22, 1945–1960. [CrossRef]

14. Battisti, N.M.L.; Andres, M.S.; Lee, K.A.; Ramalingam, S.; Nash, T.; Mappouridou, S.; Senthivel, N.; Asavisanu, K.; Obeid, M.;
Tripodaki, E.-S.; et al. Incidence of Cardiotoxicity and Validation of the Heart Failure Association-International Cardio-Oncology
Society Risk Stratification Tool in Patients Treated with Trastuzumab for HER2-Positive Early Breast Cancer. Breast Cancer Res.
Treat. 2021, 188, 149–163. [CrossRef]

15. Seidman, A.; Hudis, C.; Pierri, M.K.; Shak, S.; Paton, V.; Ashby, M.; Murphy, M.; Stewart, S.J.; Keefe, D. Cardiac Dysfunction in
the Trastuzumab Clinical Trials Experience. J. Clin. Oncol. 2002, 20, 1215–1221. [CrossRef]

16. Zamorano, J.L.; Lancellotti, P.; Rodriguez Muñoz, D.; Aboyans, V.; Asteggiano, R.; Galderisi, M.; Habib, G.; Lenihan, D.J.; Lip,
G.Y.H.; Lyon, A.R.; et al. 2016 ESC Position Paper on Cancer Treatments and Cardiovascular Toxicity Developed under the
Auspices of the ESC Committee for Practice Guidelines: The Task Force for Cancer Treatments and Cardiovascular Toxicity of the
European Society of Cardiology (ESC). Eur. Heart J. 2016, 37, 2768–2801. [CrossRef]

17. Plana, J.C.; Galderisi, M.; Barac, A.; Ewer, M.S.; Ky, B.; Scherrer-Crosbie, M.; Ganame, J.; Sebag, I.A.; Agler, D.A.; Badano, L.P.; et al.
Expert Consensus for Multimodality Imaging Evaluation of Adult Patients during and after Cancer Therapy: A Report from the
American Society of Echocardiography and the European Association of Cardiovascular Imaging. J. Am. Soc. Echocardiogr. 2014, 27,
911–939. [CrossRef]

18. Abdel-Qadir, H.; Tai, F.; Croxford, R.; Austin, P.C.; Amir, E.; Calvillo-Argüelles, O.; Ross, H.; Lee, D.S.; Thavendiranathan,
P. Characteristics and Outcomes of Women Developing Heart Failure After Early Stage Breast Cancer Chemotherapy: A
Population-Based Matched Cohort Study. Circ. Heart Fail. 2021, 14, e008110. [CrossRef]

19. Abdel-Qadir, H.; Fang, J.; Lee, D.S.; Tu, J.V.; Amir, E.; Austin, P.C.; Anderson, G.M. Importance of Considering Competing Risks
in Time-to-Event Analyses: Application to Stroke Risk in a Retrospective Cohort Study of Elderly Patients With Atrial Fibrillation.
Circ. Cardiovasc. Qual. Outcomes 2018, 11, e004580. [CrossRef] [PubMed]

20. Abdel-Qadir, H.; Thavendiranathan, P.; Austin, P.C.; Lee, D.S.; Amir, E.; Tu, J.V.; Fung, K.; Anderson, G.M. The Risk of Heart
Failure and Other Cardiovascular Hospitalizations After Early Stage Breast Cancer: A Matched Cohort Study. JNCI J. Natl. Cancer
Inst. 2019, 111, 854–862. [CrossRef]

21. Slamon, D.; Wolfgang, E.; Nicholas, R.; Tadeusz, P.; Miguel, M.; Michael, P.; John, M.; John, G.; Arlene, C.; Marek, P.; et al.
Adjuvant Trastuzumab in HER2-Positive Breast Cancer. N. Engl. J. Med. 2011, 365, 1273–1283.

22. Bobrowski, D.; Suntheralingam, S.; Calvillo-Argüelles, O.; Michalowska, M.; Amir, E.; Sacha Bhatia, R.; Thavendiranathan, P.;
Abdel-Qadir, H. The Yield of Routine Cardiac Imaging in Breast Cancer Patients Receiving Trastuzumab-Based Treatment: A
Retrospective Cohort Study. Can. J. Cardiol. 2020, 36, 1658–1666. [CrossRef] [PubMed]

23. Heck, S.L.; Mecinaj, A.; Ree, A.H.; Hoffmann, P.; Schulz-Menger, J.; Fagerland, M.W.; Gravdehaug, B.; Røsjø, H.; Steine, K.;
Geisler, J.; et al. Prevention of Cardiac Dysfunction During Adjuvant Breast Cancer Therapy (PRADA): Extended Follow-Up of
a 2 × 2 Factorial, Randomized, Placebo-Controlled, Double-Blind Clinical Trial of Candesartan and Metoprolol. Circulation
2021, 143, 2431–2440. [CrossRef] [PubMed]

24. Cardinale, D.; Colombo, A.; Torrisi, R.; Sandri, M.T.; Civelli, M.; Salvatici, M.; Lamantia, G.; Colombo, N.; Cortinovis, S.; Dessanai,
M.A.; et al. Trastuzumab-Induced Cardiotoxicity: Clinical and Prognostic Implications of Troponin I Evaluation. J. Clin. Oncol.
2010, 28, 3910–3916. [CrossRef]

25. de Azambuja, E.; Procter, M.J.; van Veldhuisen, D.J.; Agbor-Tarh, D.; Metzger-Filho, O.; Steinseifer, J.; Untch, M.; Smith, I.E.;
Gianni, L.; Baselga, J.; et al. Trastuzumab-Associated Cardiac Events at 8 Years of Median Follow-Up in the Herceptin Adjuvant
Trial (BIG 1-01). J. Clin. Oncol. 2014, 32, 2159–2165. [CrossRef]

26. Yu, A.F.; Flynn, J.R.; Moskowitz, C.S.; Scott, J.M.; Oeffinger, K.C.; Dang, C.T.; Liu, J.E.; Jones, L.W.; Steingart, R.M. Long-Term
Cardiopulmonary Consequences of Treatment-Induced Cardiotoxicity in Survivors of ERBB2 -Positive Breast Cancer. JAMA
Cardiol. 2020, 5, 309. [CrossRef]

http://doi.org/10.1200/JCO.2016.70.5400
http://doi.org/10.1161/JAHA.113.000472
http://doi.org/10.1200/JCO.2011.40.0010
http://doi.org/10.3747/co.24.3349
http://doi.org/10.1002/ejhf.1920
http://doi.org/10.1007/s10549-021-06192-w
http://doi.org/10.1200/JCO.2002.20.5.1215
http://doi.org/10.1093/eurheartj/ehw211
http://doi.org/10.1016/j.echo.2014.07.012
http://doi.org/10.1161/CIRCHEARTFAILURE.120.008110
http://doi.org/10.1161/CIRCOUTCOMES.118.004580
http://www.ncbi.nlm.nih.gov/pubmed/29997149
http://doi.org/10.1093/jnci/djy218
http://doi.org/10.1016/j.cjca.2019.12.021
http://www.ncbi.nlm.nih.gov/pubmed/32621888
http://doi.org/10.1161/CIRCULATIONAHA.121.054698
http://www.ncbi.nlm.nih.gov/pubmed/33993702
http://doi.org/10.1200/JCO.2009.27.3615
http://doi.org/10.1200/JCO.2013.53.9288
http://doi.org/10.1001/jamacardio.2019.5586

	Introduction 
	Materials and Methods 
	Patients 
	Cancer Therapeutics Related Cardiac Dysfunction (CTRCD) 
	Risk Models 
	Statistical Analysis 

	Results 
	Patients 
	Incidence of CTRCD within Risk Score Categories 
	Discrimination and Calibration of the Risk Models 
	Sensitivity Analyses 

	Discussion 
	CTRCD Risk Assessment 
	Existing Risk Prediction Models 
	CTRCD Definition and Model Performance 
	Limitations of Existing Models 
	Limitations 

	Conclusions 
	References

