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Simple Summary: Women undergoing treatment for breast cancer often receive cardiac
imaging before starting therapy to assess their heart health, as some treatments can increase
the risk of heart problems. However, the guidelines for when and how often to perform
these tests are not well-defined. This study examines the effectiveness of cardiac imaging
under different treatment regimens and identifies factors that may predict when imaging is
most useful. By analyzing past cases, the authors found that some treatment groups had
a higher likelihood of imaging results leading to changes in care, while others had lower
likelihood despite more frequent imaging. Understanding these patterns can help doctors
make informed decisions about ordering cardiac imaging. This may improve patient care
and resource use, especially in regions with limited healthcare access.

Abstract: Introduction: Breast cancer affects over 25,000 women annually in Canada and
has seen improved survival rates due to advances in screening and treatment. However,
cardiotoxic therapies including anthracyclines and trastuzumab have made cardiovas-
cular disease a leading cause of death among survivors. Baseline left ventricular ejec-
tion fraction is a reliable predictor of heart failure, and various guidelines recommend
pretreatment cardiac imaging; however, its utility is largely based on expert opinion.
Methods: This retrospective cohort study analyzed 93 breast cancer patients treated at
a single cancer centre in Northwestern Ontario between 2012 and 2017 to determine the
yield (defined as imaging leading to clinically actionable changes in care) of imaging. Re-
sults: Patients were grouped by treatment regimen: trastuzumab-only (cohort A, n =3,
mean age = 73.55 =+ 9.90), anthracycline-only (cohort B, n = 60, mean age = 58.83 + 9.83),
and combination therapy with both trastuzumab and anthracyclines (cohort C, n = 30,
mean age = 59.37 £ 10.91). Due to the very small sample size in cohort A, findings are
presented for qualitative insight only. Cohort B had the highest imaging yield (13.33%),
while cohorts A and C showed lower yields (7.14% and 4.17%) with more frequent imaging.
Predictors of higher yield varied, with cohort B identifying the most, including diabetes
and coronary artery disease. Conclusions: These findings underscore the need for tar-
geted cardiac imaging to optimize resource allocation and patient outcomes, particularly in
resource-limited settings such as Northwestern Ontario. Subsequent investigations should
seek to stratify proactive versus reactive interventions, evaluate outcomes, refine imaging
guidelines, and gather more data on patients receiving trastuzumab.
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1. Introduction

Over 25,000 women are diagnosed with breast cancer annually in Canada, with
approximately 10,000 of these cases occurring in Ontario alone [1]. Despite improvements
in screening and treatment [2-5], breast cancer is the second leading cause of cancer-related
mortality in Canadian women, following lung cancer [1]. A key contributor to morbidity
and mortality is treatment-induced cardiotoxicity and cardiovascular disease (CVD) [6,7].
In Ontario, patients receiving chemotherapy for early-stage breast cancer were found to
have a threefold increased risk for serious cardiovascular events (i.e., heart failure [HF])
compared to age-matched controls [8]. As a result, CVD is a serious complication in older
breast cancer patients, responsible for 16.3% of deaths and surpassing breast cancer as the
leading cause of death at a 10-year follow-up for those with previous CVD [9,10].

Cardiac imaging modalities, including echocardiography, multiple gated acquisition
scanning (MUGA), and cardiac magnetic resonance imaging (CMR), can identify early signs
of HF, particularly reduced left ventricular ejection fraction (LVEF) [11-13]. For patients
receiving anthracyclines, trastuzumab, or a combination of both, baseline cardiac imaging
and monitoring of LVEF throughout and after therapy is essential for identifying those
at risk of developing treatment-related HF [12,13]. Baseline cardiac imaging for breast
cancer patients is specifically recommended in the Clinical Practice Guidelines listed by the
National Comprehensive Cancer Network (NCCN) [14]. Once identified, reduced LVEF
can be managed to prevent HF progression. These include introducing or increasing the
dose of cardioprotective medications (i.e., statins or beta-blockers), consulting new care
providers (i.e., cardiology and cardio-oncology specialists), and adjusting chemotherapy
regimens [15-17].

Despite the recognized importance of LVEF monitoring, the frequency and criteria
for imaging are often based on expert consensus rather than robust clinical data [14,18].
Consequently, imaging practices vary by treatment regimen [19]. For example, patients
receiving trastuzumab typically undergo imaging every three months per FDA labelling,
regardless of HF risk factors [14,20], while those on anthracyclines may receive less frequent
imaging, even if they are more likely to develop HF [19]. Overall, these risk factors
are associated with a significantly increased risk of major cardiac events, regardless of
treatment type [19]. This indicates that there is discordance between the current utilization
of cardiac imaging and a patient’s risk of developing HF or CVD while receiving potentially
cardiotoxic therapy [19].

This study aimed to analyze local data to determine the impact of cardiac imaging on
treatment outcomes for breast cancer patients receiving anthracyclines, trastuzumab, or
combination therapy and offer evidence-based guidance for ordering physicians. In doing
so, we hope to optimize cardiac imaging to enhance resource allocation in Northwestern On-
tario (NWO), a historically resource-limited region, and improve patient outcomes [21-23].

2. Materials and Methods
2.1. Study Population

This retrospective cohort study included all female patients seen at a regional cancer
centre in NWO who were treated with anthracyclines and/or trastuzumab for newly

diagnosed breast cancer between 1 June 2014 and 31 December 2017. Exclusion criteria
were as follows: neither anthracycline and/or trastuzumab as part of systemic therapy,
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missing complete records regarding anthracycline and/or trastuzumab therapy, absence
of imaging tests (echocardiography, MUGA, or CMR) ordered following diagnosis until
one-year post-treatment, missing complete records of imaging tests ordered (Figure 1).

Breast cancer patients receiving
anthracycline and/or trastuzumab between
1 June 2014, and 31 December 2017
n=120

Patients with incomplete or missing records
n=3

Patients at risk of treatment-induced
cardiotoxicity
n=117

Patients who did not undergo recorded
cardiac imaging (Echo, MUGA, CMR)

n=24
Eligible study population
n=93
Cohort A: trastuzumab only Cohort B: anthracycline only Cohort C: combiried traatmant
treatment treatment n=30
n=3 n=60

Figure 1. Study flow diagram. Echocardiography (Echo), multi-gated acquisition (MUGA), cardiac
magnetic resonance imaging (CMR).

Demographic and breast-cancer-related data were collected from electronic medi-
cal records and included the following: age, menopausal status (pre-, peri-, and post-
menopausal), body mass index (BMI), cancer type (invasive ductal carcinoma, lobular
carcinoma, or ductal carcinoma in situ), cancer location (right/left), tumour stage (I-1II),
receptor status (estrogen, progesterone, and human epidermal growth factor receptor 2
[HER?2]), and breast cancer gene (BRCA) status.

Medical history prior to beginning treatment was recorded and included pre-
treatment/earliest Eastern Cooperative Oncology Group (ECOG) score, pre-treatment/
earliest Karnofsky score, pregnancy status, and smoking status. Other data such as diagno-
sis of diabetes, hypertension, high cholesterol, coronary artery disease (CAD), HF, valvular
disease, atrial fibrillation, chronic obstructive pulmonary disease (COPD), peripheral vas-
cular disease (PVD), stroke/transient ischemic attack (TIA), chronic kidney disease (CKD),
previous breast cancer, previous other cancer, and previous treatment with anthracyclines
or radiation was also collected.

Information regarding the cardiac imaging tests performed included the method of
cardiac imaging test (echocardiography, MUGA, or CMR), time-point (baseline or after
initiating systemic therapy), the referring physician (oncologist or non-oncologist), ordering
mechanism (routine or prompted by clinical factors), and LVEF (%).

This study received Research Ethics Board approval from the Thunder Bay Regional
Health Sciences Centre (#100175).

2.2. Outcomes

The primary outcome was to determine whether there was a significant variation in
the yield of cardiac imaging based on different treatment regimens involving anthracycline
and/or trastuzumab. Yield was defined as the total number of changes arising from the
total number of scans. By this definition, one scan can produce multiple changes to reflect
the quantitative yield of each scan. Events classified as a change in clinical care include
chemotherapy changes (change in agent or temporary/permanent discontinuation), referral
to another care provider (outpatient referral to cardiologist/non-cardiologist or hospital
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admission), and medication changes (new/increased doses of angiotensin-converting
enzyme inhibitors, angiotensin II receptor blockers, beta-blockers, statins, spironolactone,
or eplerenone). Secondary outcomes include examining the correlation between patient-
specific variables or features of cardiac imaging and changes in clinical care. This will
determine if there are any predictors of a higher yield of cardiac imaging. Variables
examined include the patient’s medical history before treatment (i.e., smoking status),
demographic features (i.e., age and BMI), and the features of cardiac imaging (i.e., routine
vs. prompted).

2.3. Statistical Analysis

Patients were grouped into three cohorts based on their treatment regimen: trastuzumab-
only (cohort A), anthracycline-only (cohort B), and combined therapy (cohort C). Each
cohort underwent individual statistical analysis. The primary outcome (the yield of cardiac
imaging) was expressed as the proportion (%) of clinically actionable changes in care (either
proactive or reactive) arising from all conducted imaging tests. Due to an insufficient
amount of data for adequate statistical power, cohort A was excluded from quantitative
primary analysis. The significance of variation amongst individual cohorts (i.e., cohort B
vs. cohort C) was determined using a Z-test for proportions with the Bonferroni correction
to adjust for multiple comparisons. For those cohorts with proportions of changes/scans
greater than 10%, the primary outcome was further examined by categorizing the types of
changes (i.e., change in chemotherapy, care provider, or medication). This was performed
by calculating the proportion of each category of change relative to the total number of
changes (i.e., if 3 out of 10 changes were due to X, X would account for 30% of total changes).
Analysis of the significance of the variation between these categories was determined using
a permutation test due to small sample sizes. As a continuation of the primary analysis, the
number of scans per patient was determined for each cohort, and the significance of these
ratios was determined using the Kruskal-Wallis test (overall variation amongst cohorts)
and Dunn’s test (for variation amongst individual cohorts).

For analysis of the secondary outcomes, each variable that depicted categorical data
(i.e., smoking status) was organized into a contingency table that included each category
of the variable (i.e., current smoker, former smoker, non-smoker) and its association with
either a “change” or “no change” in clinical care. In the case of incomplete data, missing
values were retained and categorized as “unknown” (i.e., “unknown menopausal status”)
in the analysis to preserve sample size and account for the presence of missing data without
introducing bias through estimation. This process was repeated for each type of change (i.e.,
chemotherapy, care provider, and medication) and combined into a cumulative contingency
table that underwent subsequent analysis using a Fisher’s exact test to assess whether
there was a significant correlation between the variable and a change in clinical care. The
significance of secondary outcomes for each variable was assessed using a Fisher’s exact
test due to the low expected values within the tables (>20% of expected cell counts were <5).
For secondary analysis of patient variables with continuous data (age at time of diagnosis,
BMI, and LVEF), normality testing with a Shapiro-Wilk test was performed owing to small
and unequal sample sizes. If the data was normally distributed, then parametric testing
was pursued via an independent two-sample T-test to determine if there was a significant
correlation between the variables and a change in clinical care. If the data was not normally
distributed, then non-parametric testing was pursued via a Mann-Whitney U test. Due to
an insufficient amount of data for adequate statistical power, cohort A was excluded from
the secondary analysis.

For all analyses, p < 0.05 was considered statistically significant. The confidence
interval (CI) of proportional data (i.e., what proportion of current smokers experienced a
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change in clinical care) was calculated with 95% CI’s using the Wilson score interval due
to small sample sizes [24]. The 95% CI’s for all mean values (i.e., scans per patient) were
calculated using the t-score distribution due to small sample sizes [25]. Calculations and
analyses of statistical significance were performed using Google Colaboratory [25].

3. Results
3.1. Patient and Cardiac Imaging Characteristics

A total of 93 patients met the exclusion criteria for this analysis. Of these, 3 un-
derwent treatment with trastuzumab (cohort A), 60 with anthracyclines (cohort B), and
30 received combined therapy (cohort C). Treatment modalities included surgery (lumpec-
tomy and mastectomy), anthracycline, trastuzumab, and endocrine therapy (oophorectomy,
gonadotropin-releasing hormone (GnRH) agonists, tamoxifen, and aromatase inhibitors).
The baseline demographic characteristics and disease characteristics of each cohort are
summarized in Table 1. See Supplementary Table S1 for patients’ medical history prior to
starting treatment and Supplementary Table S2 for information regarding the characteristics
of cardiac imaging.

Table 1. Demographic information and disease characteristics of each treatment cohort.

Characteristic Total (n = 93) Cohort A (n = 3) Cohort B (n=60) Cohort C (1 = 30)
Age (years)
Mean (SD) 59.48 (10.41) 73.55 (9.90) 58.83 (9.83) 59.37 (10.91)
Range 35.74-84.97 67.32-84.97 35.74-81.57 39.30-75.43
Menopausal status
Premenopausal, 1 (%) 13 (13.98) 0 (0.00) 8 (13.33) 5 (16.67)
Perimenopausal, 1 (%) 8 (8.60) 0 (0.00) 6 (10.00) 2 (6.67)
Postmenopausal, 1 (%) 65 (69.89) 2 (66.67) 41 (68.33) 22 (73.33)
Unknown, n (%) 7 (7.53) 1(33.33) 5 (8.33) 1(3.33)
BMI (kg/m?)
Mean (SD) 30.38 (7.07) 24.61 (1.90) 30.31 (7.59) 31.10 (6.10)
Cancer type
Invasive ductal carcinoma, 7 (%) 91 (97.85) 3 (100.00) 59 (98.33) 29 (96.67)
Lobular carcinoma, #n (%) 1 (1.08) 0 (0.00) 1(1.67) 0 (0.00)
Ductal carcinoma in situ, n (%) 1 (1.08) 0 (0.00) 0 (0.00) 1(3.33)
Cancer side
Right, n (%) 49 (52.69) 1(33.33) 32 (53.33) 16 (53.33)
Left, n (%) 43 (46.24) 2 (66.67) 28 (46.67) 13 (43.33)
Bilateral, n (%) 1(1.08) 0 (0.00) 0 (0.00) 1(3.33)
Tumour stage
Stage I, n (%) 23 (24.73) 2 (66.67) 15 (25.00) 6 (20.00)
Stage 11, 1 (%) 48 (51.61) 1(33.33) 28 (46.67) 19 (63.33)
Stage 111, 1 (%) 13 (13.98) 0 (0.00) 12 (20.00) 1(3.33)
Unknown, # (%) 9 (9.68) 0 (0.00) 5 (8.33) 4 (13.33)
Receptor status
ER+, nn (%) 65 (69.89) 2 (66.67) 40 (66.67) 23 (76.67)
PR+, n (%) 58 (62.37) 2 (66.67) 38 (63.33) 18 (60.00)
HER2+, 1 (%) 31 (34.41) 3 (100.00) 0 (0.00) 29 (96.67)
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Table 1. Cont.

Characteristic Total (n = 93) Cohort A (n=3) Cohort B (n = 60) Cohort C (n = 30)
BRCA status
BRCA1+, n (%) 2(2.15) 0 (0.00) 2 (3.33) 0 (0.00)
BRCA2+, n (%) 2 (2.15) 1 (33.33) 1(1.67) 0 (0.00)
BRCA1/2—, 1 (%) 15 (16.13) 0 (0.00) 13 (21.67) 2 (6.67)
Unknown, n (%) 74 (79.57) 2 (66.67) 44 (73.33) 28 (93.33)
Treatment modality
Surgery 2, n (%) 91 (97.85) 3 (100.00) 58 (96.67) 30 (100.00)
Anthracycline, 1 (%) 90 (96.77) 0 (0.00) 60 (100.00) 30 (100.00)
Trastuzumab, 1 (%) 33 (35.48) 3 (100.00) 0 (0.00) 30 (100.00)
Endocrine therapy b 1 (%) 65 (69.89) 2 (66.67) 41 (68.33) 22 (73.33)
Radiation, 7 (%) 78 (83.87) 2 (66.67) 52 (86.67) 24 (80.00)

2 Surgery includes lumpectomy and mastectomy. ® Endocrine therapy includes oophorectomy, GnRH agonists,
tamoxifen, and aromatase inhibitors.

3.2. The Yield of Cardiac Imaging Based on Treatment Regimen

With respect to the primary outcome, there was a significant variation (p = 0.013)
between cohort B and C for the yield of cardiac imaging, with cohort B having the largest
yield (13.33%; 95% Cl, 7.41-22.83%) (Table 2). Of these, 30.00% were due to changes in
chemotherapy (n = 3; 95% ClI, 10.78-60.32%), 40.00% were due to changes in the care
provider (n = 4; 95% CI, 16.82-68.73%), and 30.00% were due to medication changes (1 = 3;
95% CI, 10.78-60.32%). There was no significant variation in the types of change at p < 0.05
(p = 1.00). By comparison, cohort C had a yield of 4.17% (95% CI, 1.92-8.79%) and had the
most scans per patient (4.80 per patient; 95% CI, 4.18-5.42), followed by cohort B (1.25 per
patient; 95% CI, 1.10-1.40). Due to the very small sample size in cohort A, findings from
this group are presented as a pilot exploration and are intended for qualitative insight only,
not statistical comparison. Qualitatively, cohort A had the second highest yield (7.14%;
95% CI, 1.27-31.47%) and had the second most scans per patient (4.67 per patient; 95% CI,
—0.50-9.84). These results are summarized in Table 2. Overall, the number of scans per
patient was significantly different amongst cohorts (p < 0.001) (Table 2).

Table 2. Primary outcomes regarding the yield of cardiac imaging for breast cancer patients undergo-
ing treatment with trastuzumab and/or anthracyclines.

Yield of

. . . Scans per
. Total Yield of Cardiac Scans per Cardiac .
a
Comparison Cohort Total Scans Changes ® Imaging (95% CI) Patient (95% CI) Imaging Patlentid
(p-Value “9) (p-Value =)
- Cohort A 14 1 7.14% (1.27,31.47) 4.67 (—0.50, 9.84) - -
Cohort B vs. Cohort B 75 10 13.33% (7.41, 22.83) 1.25 (1.10, 1.40) 0.013 <0.001
Cohort C
Cohort C 144 6 4.17% (1.92, 8.79) 4.80 (4.18, 5.42) - -

2 Includes recorded MUGA and Echo, no recorded instances of CMR. ? Includes changes in chemotherapy
regimen, change in care provider, and change in medication. Note: each scan could result in multiple changes
in care. © p-values were calculated using chi-square exact tests for categorical variables. ¢ Subsequent pairwise
comparisons were calculated using Z-tests with the Bonferroni correction.

3.3. Predictive Variables for a Higher Yield of Cardiac Imaging

Secondary outcomes included examining the correlation between patient-specific
variables or features of cardiac imaging and changes in clinical care to determine if there
were any predictors of a higher yield of cardiac imaging. Variables examined included the
patient’s medical history before treatment (i.e., smoking status), demographic features (i.e.,
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age and BMI), and the ordering mechanism of cardiac imaging (i.e., routine vs. prompted).
Cohort A was excluded from the secondary analysis owing to an insufficient number of
patients (n = 3), preventing the interpretation of any significant conclusions at p < 0.05.

In cohort B, several predictive variables were found to be of statistical significance,
including ECOG score, menopausal status, diabetic status, CAD status, PVD status, as well
as the ordering mechanism, study time-point, referring physician, and the LVEF associated
with the cardiac imaging resulting in a change in care (Table 3, Figure 2). Specifically, a
higher ECOG score was significantly associated with a greater likelihood of a change in
clinical care (p < 0.001), with the strongest associations observed for patients with ECOG 2
(OR = 35.64, and 64.27 compared to ECOG 1, and ECOG 0, respectively; the variation in
yield was not significant compared to ECOG unknown, OR = 4.57). Similarly, patients with
unknown menopausal status were significantly more likely to experience a change in care
compared to other menopausal statuses (p < 0.001; OR = 28.37, 22.58, and 16.53 compared
to pre-, peri-, and post-menopausal patients, respectively). Additionally, being diabetic
(p = 0.001; OR = 12.11), having CAD (p = 0.048; OR = 5.20), and having PVD (p < 0.001;
OR = 00) before beginning treatment were associated with a greater likelihood of a change
in clinical care following cardiac imaging (Figure 2). Among patients who had a change
in care following imaging, all were found to have at least two predictive variables; by
comparison, the yield of imaging in patients with no predictive variables was 0% (1 =5,
95% CI, 0.00-43.45%).

Table 3. Secondary outcomes regarding the significance of continuous data across three treatment

cohorts.
Variable Cohort Change, Mean = SD No Change, Mean = SD p-Value T-Statistic
(Range) (Range)
A 84972 67.84 £ 0.73 (67.32-68.36) - -
Age (years) B 62.08 + 10.05 (47.93-74.32)  58.54 + 9.85 (35.74-81.57) 0.49 0.76
C 62.40 £ 6.67 (52.70-71.29)  58.76 £ 11.58 (39.30-75.43) 0.36 0.96
A 26.642 23.60 £ 1.05 (22.86—24.34) - -
BMI (kg/mz) B 36.89 £ 16.69 (19.88-57.45)  29.71 + 6.16 (20.52-54.30) 0.54 -¢
C 31.36 £ 3.70 (26.11-36.57)  31.04 £ 6.52 (22.14-48.89) 0.88 0.15
A 512 652 - -
LVEF (%) ® B 43.67 £+ 13.32 (29-55) 64.96 + 6.96 (52-80) 0.02 —3.53
C 4475 +4.79 (38-49) 62.95 £+ 7.72 (44-75) <0.001 —6.90

@ n =1 for this group, calculation of mean, standard deviation, range, and statistical significance not applicable.
® This is LVEF associated with the scan that resulted in a change in care. ¢ T-test not performed as data was not
normally distributed per Shapiro-Wilk testing, a Mann-Whitney test was preformed instead, and U = 161.00.

Regarding imaging, those patients who underwent cardiac imaging prompted by
clinical factors (p < 0.001; OR = 31.71), had imaging completed during chemotherapy
(p < 0.001; OR = 200.22 compared to baseline imaging, respectively; the variation in the
yield of cardiac imaging did not differ significantly when compared to imaging post-
chemotherapy, OR = 2.23), and were referred for imaging by a critical care physician
(p < 0.001; OR = 251.22 compared to oncologist referrals; the variation in yield was not
significant when compared to family physicians or cardiologists, OR = 21.00 and 49.00,
respectively) were more likely to have a change in care (Figure 2). Moreover, average
LVEF was significantly lower for those patients who experienced a change in care fol-
lowing cardiac imaging compared to those who did not (p = 0.02, T-statistic = —3.53;
43.67% =+ 13.32 vs. 64.96 £ 6.96, respectively) (Table 3). Finally, there was no significant
variation in the yield of imaging reported for patients who underwent echocardiography
compared to those who had a MUGA scan (p = 0.67). See Supplementary Figure S1 for the
complete list of pre-treatment and imaging variables examined for this cohort.
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ECOG2vs.ECOG 1* ' &
ECOG 2vs.ECOG 0* [ Y 3
Unkown Meno pausal Status vs. Post-Menopausal* l—’—|
Unkown Meno pausal Status vs. Peri-Menopausal* ‘
Unkown Meno pausal Status vs. Pre-Menopausal* b Q
Diabeticvs. Non-Diabetic* —

CADvs. No CAD*  ——@p——i

PVDvs. No PVD* I X 3

Prompted vs. Routine Imaging* L X 2

Imaging During Chemotherapy vs. Baseline* [ ’

Imaging Referral: Critical Care vs. Oncologist* ' Q

CurrentSmoker vs. Former Smoker <

CurrentSmoker vs. Non-Smoker ' ‘

Atrial Fibrillation vs. No Atrial Fibrillation I ‘

COPDvs.No COPD b L 2

0 1 2 3 4 5 6 7 8 9 10
Figure 2. Forest plot of pre-treatment and imaging variables significantly associated with a clinically
actionable change in care following cardiac imaging for patients receiving anthracyclines (cohort
B, denoted with an asterisk) or combined therapy (cohort C). Error bars represent 95% confidence
interval of the odds ratio (denoted with a diamond). Variables are statistically significant at p < 0.05.

In cohort C, the predictive variables associated with a change in clinical care following
cardiac imaging included: smoking status, atrial fibrillation, COPD, and LVEF (Figure 2).
Specifically, patients who were current smokers (p = 0.005; OR = 14.00 and 18.00 compared to
former and non-smokers, respectively), those who had atrial fibrillation (p = 0.008; OR = o),
and those with COPD (p = 0.002; OR = 53.00) had a greater likelihood of experiencing a
change in clinical care (Figure 2). Moreover, the average LVEF was significantly lower
for those patients which experienced a change in clinical care following cardiac imaging
compared to those who did not (p < 0.001, T-statistic = —6.90; 44.75% + 4.79 vs. 62.95 £ 7.72,
respectively) (Table 3). Amongst patients who had a change in care following imaging,
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all were found to have at least two predictive variables; by comparison, the yield of
imaging in patients with no predictive variables was 0% (n = 3, 95% CI, 0.00-56.15%).
Finally, there was no significant variation in the yield of imaging reported for patients
who underwent echocardiography compared to those who had a MUGA scan (p = 1.0).
See Supplementary Figure S2 for the complete list of pre-treatment and imaging variables
examined for this cohort.

4. Discussion

This study’s findings highlight the variability in the clinical utility of cardiac imaging
in breast cancer patients treated with anthracyclines and/or trastuzumab. Cardiac imaging,
while essential for monitoring cardiotoxicity, demonstrated significantly different yields
across cohorts (p = 0.013). Cohort B had the highest imaging yield at 13.33% (95% CI
7.41-22.83%), compared to 4.17% (95% CI 1.92-8.79%) for patients in cohort C (Table 2).
Moreover, patients in cohort B received fewer imaging studies per patient (1.25, 95% CI 1.10-
1.40) compared to cohort C (4.67, 95% CI —0.50-9.84) (p < 0.001), contributing to this cohort’s
higher yield (Table 2). This discrepancy between imaging yield and resource utilization
challenges the efficiency of current imaging protocols. Further studies are warranted to
stratify yield more granularly to distinguish between types of change (i.e., proactive versus
reactive) as well as examine the clinical impact of change in care on patient outcomes.

Importantly, patients in cohort A were excluded from quantitative primary analysis
due to their small sample size and low statistical power [26]. The results of its analysis for
qualitative purposes reveal that patients in cohort A had the second highest yield (7.14%;
95% CI, 1.27-31.47) and had the second most scans per patient (4.67 per patient; 95% CI,
—0.50-9.84) when compared to patients in other cohorts.

In addition to the primary outcome, predictors of higher imaging yield differed
depending on the treatment regimen. Among patients in cohort B, significant variables
included a higher ECOG score (p < 0.001), unknown menopausal status (p < 0.001), diabetes
(p =0.001), CAD (p = 0.048), PVD (p < 0.001), cardiac imaging prompted by clinical factors
(p < 0.001), imaging performed during chemotherapy (p < 0.001), and referrals from critical
care physicians (p < 0.001) (Figure 2). In contrast, patients in cohort C demonstrated a higher
yield for cardiac imaging if they were current smokers (p = 0.005), had atrial fibrillation
(p = 0.008), or had COPD (p = 0.002) (Figure 2). The only shared variable for higher cardiac
imaging yield between the two groups was lower LVEF (p = 0.02 and p < 0.001, respectively)
(Table 3). This finding aligns with the established role of LVEF as a primary indicator of
cardiac function and a critical factor in managing patients at risk for HF [12,13,27,28]. In
the context of this study, low LVEEF likely represents the main determinant in providers’
decision to intervene in these patients’ care, accounting for why it is the sole shared variable
between cohorts.

As with primary analysis, patients in cohort A were excluded from secondary analysis
due to a very small sample size (1 = 3), resulting in low statistical power [26]. Small and
unequal cohort sizes (1 = 60 for cohort B and n = 30 in cohort C) represent a key limitation
of this study, potentially affecting the validity of inter-cohort comparisons by reflecting size
disparities rather than true variation [29,30]. Data collection is ongoing with larger sample
sizes encompassing multiple hospitals in Ontario, and future analysis of this data will help
address this limitation. Additional limitations include unaccounted confounders, such as
cumulative anthracycline dose and prior chemotherapy exposure [31]. Furthermore, as
this is a retrospective cohort study, there are inherent limitations in establishing causality
versus correlation when describing significant results [32].

In contrast, strengths of this study include the emphasis on a clinically relevant
population, analysis of multiple treatment regimens, and evaluation of diverse predictive
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variables to improve cardiac imaging yield. As the first of its kind in NWO, this study may
enhance clinical practice, optimize the use of cardiac imaging in a resource-limited region,
and improve patient outcomes [21-23].

To elaborate on our primary findings, our results indicate that patients in cohort B
demonstrated the highest yield of cardiac imaging, despite having fewer scans per pa-
tient compared to those in cohort C. The reduced number of scans and, subsequently,
higher yield, is likely due to the specific recommendations for cardiac imaging in patients
undergoing treatment with different agents. Specifically, patients receiving trastuzumab
are required to undergo LVEF measurement at baseline and every three months as rec-
ommended by the FDA and endorsed by clinical practice guidelines, such as those from
the NCCN and the American Society of Clinical Oncology [14,20,33]. This results in a
minimum of four scans per year in patients receiving trastuzumab [14,20,33]. In contrast,
patients receiving anthracyclines undergo less frequent imaging based on current con-
sensus documents; the 2024 NCCN guidelines recommend cardiac imaging within one
year of the final anthracycline dose for patients with a significant cumulative anthracy-
cline dose (>250 mg/m? of doxorubicin or equivalent) or a lower cumulative dose with
one or more risk factors for HF [18]. This recommendation aligns with the results of one
study, wherein 98% of cardiotoxicity cases occurred within one year of completion of
treatment [34]. However, the indication for imaging in patients who are more likely to
develop HF relies primarily on expert opinion, as the key studies cited in this rationale
examined populations without significant cardiac risk factors or excluded patients with
CAD risk factors through additional evaluations for ischemic aetiologies [34,35].

These expert recommendations are relatively recent and predate the study range of our
cohort (2014-2017). Importantly, they also focus on routine imaging. According to our data,
routine imaging accounted for 96.67% of scans in patients in cohort C, compared to 86.67%
in cohort B (Supplementary Table S2). Additionally, we observed a significant correlation
between imaging prompted by clinical factors and a higher yield of cardiac imaging in
cohort B (p < 0.001). This may suggest that imaging for anthracycline-only patients was
more often driven by clinical signs of HF or cardiac dysfunction, resulting in a significantly
higher yield compared to routine imaging in patients receiving combined therapy.

This finding is consistent with prior expectations, as patients receiving anthracyclines
typically undergo less routine imaging [18]. Consequently, significant imaging findings
are more likely to be identified during clinically indicated tests. While the implications
are not definitive, these findings support refining imaging guidelines for patients on
anthracycline therapy. Future research is needed to evaluate whether a more proactive
imaging approach could facilitate early detection of cardiotoxic effects before clinical
symptoms arise, enabling timely intervention and potentially improving patient outcomes.
Furthermore, by shifting from a reactive to a proactive imaging strategy, this approach
may reduce long-term healthcare burdens, particularly in rural settings, by lowering costs
associated with advanced cardiovascular disease and alleviating clinician burden.

With respect to patient-specific factors associated with a higher yield of cardiac imag-
ing, our study identified minimal overlap between treatment cohorts (Figure 2), apart from
decreased LVEE. The implications of this are unclear but could be attributable to varia-
tions in treatment regimens and the mechanisms of treatment-induced cardiotoxicity. Both
anthracyclines and trastuzumab are independently recognized as risk factors for cardiotox-
icity [6,8]. When used sequentially in the same patient, it follows that the cumulative risk
of cardiotoxicity increases compared to using either agent alone. This was demonstrated in
a population-based retrospective cohort study examining cancer therapy-related cardiac
dysfunction in women with breast cancer, where sequential therapy with anthracyclines
and trastuzumab was associated with a higher cumulative incidence of major cardiac events
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compared to either trastuzumab or anthracyclines alone [8]. Consequently, patients in
our analysis who underwent combined therapy were likely at elevated risk of developing
cardiotoxicity, potentially resulting in changes in their care following cardiac imaging. This
elevated risk may have been independent of patient-specific factors. Using diabetes as an
example, patients treated with both agents may have experienced cardiotoxicity due to
the cumulative effects of the drugs, regardless of whether they had diabetes. Alternatively,
diabetes may have contributed only minimally to the overall risk. While plausible, this
hypothesis is only speculative in the absence of more robust analyses. Future research,
including data from a trastuzumab-only cohort, is required to confirm these patterns.

Regarding individual cohorts, patient-specific factors significantly correlated with a
higher yield of imaging in patients in cohort B included a higher ECOG score (ECOG = 2),
unknown menopausal status, diabetes, CAD, and PVD (Figure 2). Additionally, imaging
completed during chemotherapy, prompted by clinical factors, or referred by a critical care
physician, was also associated with a significantly higher yield (Figure 2). The ECOG score
is a tool used to assess a patient’s capacity to tolerate treatment based on their symptomol-
ogy and activity level [36]. It measures their functional status, with higher scores indicating
greater dysfunction and reduced ability to tolerate therapy [36]. Since cardiotoxicity can
indicate impaired functional status, it is logical that a higher ECOG score correlates with a
higher yield in imaging tests designed to diagnose and manage cardiac dysfunction [6,7].
While the ECOG score is a meaningful metric, unknown menopausal status is less informa-
tive in predicting which patients are likely to benefit from cardiac imaging. This finding
likely reflects incomplete or missing data from chart reviews. Evidence shows that women'’s
risk of cardiovascular disease increases significantly after menopause, likely due to the
loss of estrogen’s cardioprotective effects [37,38]. Consequently, postmenopausal women
undergoing anthracycline therapy may have a higher yield of cardiac imaging due to their
elevated disease risk. Future studies should investigate this hypothesis to provide better
guidance to ordering physicians.

With respect to the other patient variables that were found to be associated with
a higher yield in cohort B, conditions such as diabetes, CAD, and PVD are known to
increase cardiovascular disease risk [39,40]. We hypothesize that these cardiovascular risk
factors compounded the risk for treatment-induced cardiotoxicity in breast cancer patients,
leading to a higher imaging yield. In contrast, other known risk factors, such as smoking
and hypertension [41], were not significantly associated with a higher imaging yield. This
may result from the small cohort size (n = 60), which could have resulted in a type II error
or false negative [30].

Regarding imaging-specific variables, imaging prompted by clinical factors was previ-
ously discussed as being linked to a higher yield. However, imaging completed during
chemotherapy and imaging ordered by a critical care physician were also associated with a
higher yield in patients in cohort B (Figure 2). Imaging completed during chemotherapy
appears to have had the greatest impact on care when compared with baseline imaging.
Baseline imaging is less likely to be associated with a higher yield because patients with
marked LVEF dysfunction (i.e., LVEF < 50%) at baseline are typically recommended alter-
native non-cardiotoxic treatments or cardioprotective therapy, as per the European Society
of Medical Oncology consensus recommendations [42]. Conversely, studies suggest that
the highest incidence of cardiotoxicity occurs within the first year after completing anthra-
cycline therapy (up to 98% of cases), a finding that contrasts with our results [34]. This
discrepancy may stem from our study design, as the yield of cardiac imaging was defined
not as the incidence of treatment-induced cardiac toxicity but as the cumulative change
in clinical care resulting from imaging findings. Patients experiencing a change in care
may have exhibited early LVEF dysfunction that had not yet progressed to cardiotoxicity,
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leading to preventative treatment to limit further progression. Finally, the correlation
between imaging ordered by a critical care physician and a higher yield of cardiac imaging
likely reflects the patient population managed by these providers. Critical care physicians
often care for patients experiencing the acute effects of cardiotoxicity, resulting in a higher
pre-test probability for cardiotoxicity compared to imaging ordered by physicians working
in less acute settings (i.e., oncologists).

By comparison, patient-specific factors significantly correlated with a higher yield of
imaging in cohort C included current smoking, atrial fibrillation, and COPD (Figure 2).
Smoking is a known cardiovascular risk factor, as is atrial fibrillation [41,43]. Additionally,
evidence suggests that there is a correlation between COPD and cardiovascular disease,
partially due to shared risk factors such as smoking and ageing, as well as shared patho-
physiologic processes, including inflammation and arterial stiffness [44—46]. As with cohort
B, it is hypothesized that these factors increased the risk of cardiotoxicity, resulting in a
higher yield of cardiac imaging for breast cancer patients receiving combined therapy.

Concerning the broader applicability of our study, which is focused on a smaller,
regional cancer centre in NWO, firm conclusions beyond this context are limited as this lies
beyond the scope of our dataset. However, we acknowledge that related research in larger,
urban centres provides useful points of comparison. For example, a retrospective study
conducted at Princess Margaret Cancer Centre (Toronto, Canada) examined the utility of
routine cardiac imaging in 448 breast cancer patients receiving adjuvant trastuzumab [47].
The study found that only 2.8% of routine imaging tests led to a change in patient care,
compared to 27.8% of clinically prompted tests, suggesting limited clinical yield of routine
imaging in this setting. Importantly, their findings were most applicable to patients at
higher cardiac risk or earlier in treatment, and the study excluded lower-risk patients with
insufficient prior imaging changes. In contrast, our study excluded trastuzumab-treated
patients due to insufficient sample size, limiting our ability to directly compare findings.
Nonetheless, both studies underscore the need for tailored imaging strategies and highlight
the variability in imaging practices across care settings.

5. Conclusions

In conclusion, this study highlights the variability in the yield of cardiac imaging
across different treatment cohorts, emphasizing its higher utility in patients receiving
anthracycline-only therapy. The findings support reassessing current imaging protocols,
particularly for patients receiving trastuzumab, where the frequency of routine scans does
not correlate with a higher yield. Ordering physicians should consider patient-specific
factors associated with a higher yield of cardiac imaging, which varies by treatment regimen.
For patients receiving anthracycline-only therapy, factors linked to a higher imaging yield
included a higher ECOG score, diabetes, CAD, PVD, lower LVEF, and imaging completed
during chemotherapy, prompted by clinical factors, or ordered by a critical care physician.
In contrast, for patients receiving combined therapy, current smoking, atrial fibrillation,
COPD, and lower LVEF were associated with a higher yield. These variables can guide
future imaging guidelines that support a proactive approach, particularly for patients
receiving anthracyclines, for early detection and intervention. In resource-limited regions
such as NWO, these insights carry significant clinical implications. Tailoring imaging to
patient-specific risk factors may reduce patient burden and alleviate strain on the healthcare
system by mitigating the consequences of advanced cardiovascular disease. Future research
should stratify the yield based on proactive versus reactive changes in care, explore patient
outcomes following changes in care, develop proactive imaging guidelines, and gather
more robust data on trastuzumab-only patients. By optimizing cardiac imaging protocols
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in breast cancer care, healthcare resources can be allocated more effectively, ultimately
improving outcomes in rural and underserved communities.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cancers17121909/s1, Figure S1: Correlation between pre-treatment
imaging variables and a change in clinical care for patients receiving anthracyclines only; Figure S2:
Correlation between pre-treatment imaging variables and a change in clinical care for patients receiv-
ing anthracyclines and trastuzumab; Table S1: Patient medical history prior to initiating treatment
across treatment regimens; Table S2: Characteristics of cardiac imaging across treatment regimens.
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HF Heart failure

MUGA  Multiple gated acquisition
CMR Cardiac magnetic resonance
LVEF Left ventricular ejection fraction

NCCN  National Comprehensive Cancer Network
FDA Food and Drug Administration

BMI Body mass index

HER2  Human epidermal growth factor receptor 2
BRCA  Breast cancer gene

GnRH  Gonadotropin-releasing hormone

ECOG  Eastern Cooperative Oncology Group
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CAD Coronary artery disease

COPD  Chronic obstructive pulmonary disease
PVD Peripheral vascular disease

TIA Transient ischemic attack

CKD Chronic kidney disease

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Government of Canada Statistics Canada. Number of New Cases and Age-Standardized Rates of Primary Cancer, by Cancer
Type and Sex. 2016. Available online: https://www150.statcan.gc.ca/tl/tbll/en/tv.action?pid=1310074701 (accessed on 14
August 2024).

Duncan, W.; Kerr, G.R. The curability of breast cancer. Br. Med. J. 1976, 2, 781-783. [CrossRef] [PubMed]

Alexander, FE.; Anderson, T.J.; Brown, HK.; Forrest, A.P.; Hepburn, W.; Kirkpatrick, A.E.; Muir, B.B.; Prescott, R.].; Smith, A.
14 years of follow-up from the Edinburgh randomised trial of breast-cancer screening. Lancet 1999, 353, 1903-1908. [CrossRef]
[PubMed]

Bonadonna, G.; Zambetti, M.; Valagussa, P. Sequential or Alternating Doxorubicin and CMF Regimens in Breast Cancer With
More Than Three Positive Nodes: Ten-Year Results. JAMA 1995, 273, 542-547. [CrossRef]

Slamon, D.].; Leyland-Jones, B.; Shak, S.; Fuchs, H.; Paton, V.; Bajamonde, A.; Fleming, T.; Eiermann, W.; Wolter, J.; Pegram, M.;
et al. Use of chemotherapy plus a monoclonal antibody against HER2 for metastatic breast cancer that overexpresses HER2. N.
Engl. J. Med. 2001, 344, 783-792. [CrossRef] [PubMed]

Swain, S.M.; Whaley, ES.; Ewer, M.S. Congestive heart failure in patients treated with doxorubicin: A retrospective analysis of
three trials. Cancer 2003, 97, 2869-2879. [CrossRef]

Piccart-Gebhart, M.].; Procter, M.; Leyland-Jones, B.; Goldhirsch, A.; Untch, M.; Smith, I.; Gianni, L.; Baselga, J.; Bell, R.; Jackish,
C.; et al. Trastuzumab after Adjuvant Chemotherapy in HER2-Positive Breast Cancer. N. Engl. J. Med. 2005, 353, 1659-1672.
[CrossRef]

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]

Abdel-Qadir, H.; Ong, G.; Fazelzad, R.; Amir, E.; Lee, D.S.; Thavendiranathan, P.; Tomlinson, G. Interventions for preventing
cardiomyopathy due to anthracyclines: A Bayesian network meta-analysis. Ann. Oncol. 2017, 28, 628-633. [CrossRef]
Abdel-Qadir, H.; Austin, P.C.; Lee, D.S.; Amir, E.; Tu, J.V,; Thavendiranathan, P.; Fung, K.; Anderson, G.M. A Population-Based
Study of Cardiovascular Mortality Following Early-Stage Breast Cancer. JAMA Cardiol. 2017, 2, 88-93. [CrossRef]

Narayan, H.K,; Finkelman, B.; French, B.; Plappert, T.; Hyman, D.; Smith, A.M.; Margulies, K.B.; Ky, B. Detailed Echocardiographic
Phenotyping in Breast Cancer Patients: Associations with Ejection Fraction Decline, Recovery, and Heart Failure Symptoms over
3 Years of Followup. Circulation 2017, 135, 1397-1412. [CrossRef]

Cho, H;; Lee, S.; Sim, SH.; Park, LH.; Lee, K.S.; Kwak, M.H.; Kim, H.]. Cumulative incidence of chemotherapy-induced
cardiotoxicity during a 2-year follow-up period in breast cancer patients. Breast Cancer Res. Treat. 2020, 182, 333-343. [CrossRef]
[PubMed]

Lambert, J.; Lamacie, M.; Thampinathan, B.; Altaha, M.A.; Esmaeilzadeh, M.; Nolan, M.; Fresno, C.U.; Somerset, E.; Amir, E.;
Marwick, T.H.; et al. Variability in echocardiography and MRI for detection of cancer therapy cardiotoxicity. Heart 2020, 106,
817-823. [CrossRef]

Gradishar, W.J.; Moran, M.S.; Abraham, J.; Abramson, V.; Aft, R.; Agnese, D.; Allison, K.H.; Anderson, B.; Bailey, J.; Burstein,
H.J.; et al. Breast Cancer, Version 3.2024, NCCN Clinical Practice Guidelines in Oncology. J. Natl. Compr. Cancer Netw. 2024, 22,
331-357. [CrossRef]

Kalam, K.; Marwick, T.H. Role of cardioprotective therapy for prevention of cardiotoxicity with chemotherapy: A systematic
review and meta-analysis. Eur. ]. Cancer 2013, 49, 2900-2909. [CrossRef] [PubMed]

Smith, L.A.; Cornelius, V.R,; Plummer, C.J.; Levitt, G.; Verrill, M.; Canney, P.; Jones, A. Cardiotoxicity of anthracycline agents
for the treatment of cancer: Systematic review and meta-analysis of randomised controlled trials. BMC Cancer 2010, 10, 337.
[CrossRef] [PubMed]

Pareek, N.; Cevallos, J.; Moliner, P.; Shah, M.; Tan, L.L.; Chambers, V.; Baksi, A.J.; Khattar, R.S.; Sharma, R.; Rosen, S.D.; et al.
Activity and outcomes of a cardio-oncology service in the United Kingdom—A five-year experience. Eur. |. Heart Fail. 2018, 20,
1721-1731. [CrossRef]

National Comprehensive Cancer Network. NCCN Clinical Practice Guidelines in Oncology: Survivorship, Version 1; National
Comprehensive Cancer Network: Plymouth Meeting, PA, USA, 2024. Available online: https:/ /www.nccn.org/professionals/
physician_gls/pdf/survivorship.pdf (accessed on 16 October 2024).


https://www150.statcan.gc.ca/t1/tbl1/en/tv.action?pid=1310074701
https://doi.org/10.1136/bmj.2.6039.781
https://www.ncbi.nlm.nih.gov/pubmed/974608
https://doi.org/10.1016/S0140-6736(98)07413-3
https://www.ncbi.nlm.nih.gov/pubmed/10371567
https://doi.org/10.1001/jama.1995.03520310040027
https://doi.org/10.1056/NEJM200103153441101
https://www.ncbi.nlm.nih.gov/pubmed/11248153
https://doi.org/10.1002/cncr.11407
https://doi.org/10.1056/NEJMoa052306
https://doi.org/10.1200/JCO.2015.65.1505
https://doi.org/10.1093/annonc/mdw671
https://doi.org/10.1001/jamacardio.2016.3841
https://doi.org/10.1161/CIRCULATIONAHA.116.023463
https://doi.org/10.1007/s10549-020-05703-5
https://www.ncbi.nlm.nih.gov/pubmed/32468335
https://doi.org/10.1136/heartjnl-2019-316297
https://doi.org/10.6004/jnccn.2024.0035
https://doi.org/10.1016/j.ejca.2013.04.030
https://www.ncbi.nlm.nih.gov/pubmed/23706982
https://doi.org/10.1186/1471-2407-10-337
https://www.ncbi.nlm.nih.gov/pubmed/20587042
https://doi.org/10.1002/ejhf.1292
https://www.nccn.org/professionals/physician_gls/pdf/survivorship.pdf
https://www.nccn.org/professionals/physician_gls/pdf/survivorship.pdf

Cancers 2025, 17, 1909 15 of 16

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

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]

Bouwer, N.L; Jager, A.; Liesting, C.; Kofflard, M.].M.; Brugts, ].].; Kitzen, ].J.LE.M.; Boersma, E.; Levin, M.D. Cardiac monitoring
in HER2-positive patients on trastuzumab treatment: A review and implications for clinical practice. Breast 2020, 52, 33—44.
[CrossRef]

Febbraro, M.; Conlon, M.; Caswell, J.; Laferriere, N. Access to Cancer Care in Northwestern Ontario—A Population-Based Study
Using Administrative Data. Curr. Oncol. 2020, 27, 271-275. [CrossRef]

Wenghofer, E.; Timony, P.; Pong, R. A closer look at Ontario’s northern and southern rural physician demographics. Rural. Remote
Health 2011, 11, 1591. Available online: https://www.rrh.org.au/journal/article/1591/ (accessed on 16 August 2024). [CrossRef]
Pong, R.W.; Pitblado, ].R. Geographic Distribution of Physicians in Canada: Beyond How Many and Where; Canadian Institute for Health
Information: Ottawa, ON, Canada, 2005. Available online: https://www.cihi.ca/sites/default/files/document/geographic-
distribution-physicians-canada-en.pdf (accessed on 16 August 2024).

Proportion Confidence Interval Calculator—Normal Approximation (Wald Interval), Clopper-Pearson, Wilson Score Interval.
Available online: https://www.statskingdom.com/proportion-confidence-interval-calculator.html (accessed on 19 August 2024).
Colab Google. Available online: https:/ /colab.research.google.com/ (accessed on 19 August 2024).

Button, K.S.; Ioannidis, ].P.A.; Mokrysz, C.; Nosek, B.A.; Flint, J.; Robinson, E.S.].; Munafo, M.R. Power failure: Why small sample
size undermines the reliability of neuroscience. Nat. Rev. Neurosci. 2013, 14, 365-376. [CrossRef]

Marantz, PR.; Tobin, ].N.; Wassertheil-Smoller, S.; Steingart, R.M.; Wexler, J.P.; Budner, N.; Lense, L.; Wachpress, J. The relationship
between left ventricular systolic function and congestive heart failure diagnosed by clinical criteria. Circulation 1988, 77, 607-612.
[CrossRef] [PubMed]

St John Sutton, M.; Pfeffer, M.A.; Moye, L.; Plappert, T.; Rouleau, J.L.; Lamas, G.; Rouleau, J.L.; Parker, ].O.; Arnold, M.O.; Sussex,
B.; et al. Cardiovascular death and left ventricular remodeling two years after myocardial infarction: Baseline predictors and
impact of long-term use of captopril: Information from the Survival and Ventricular Enlargement (SAVE) trial. Circulation 1997,
96, 3294-3299. [CrossRef]

Rusticus, S.A.; Lovato, C.Y. Impact of Sample Size and Variability on the Power and Type I Error Rates of Equivalence Tests: A
Simulation Study. Practical Assessment, Res. Eval. 2014, 19, 11. Available online: https://openpublishing.library.umass.edu/pare/
article/id/1375/ (accessed on 28 August 2024).

Knudson, D.V,; Lindsey, C. Type I and Type II Errors in Correlations of Various Sample Sizes. Compr. Psychol. 2014, 3, 1-5.
[CrossRef]

Rubin, D.B. Estimating causal effects of treatments in randomized and nonrandomized studies. J. Educ. Psychol. 1974, 66, 688-701.
[CrossRef]

Concato, J.; Shah, N.; Horwitz, R.I. Randomized, controlled trials, observational studies, and the hierarchy of research designs. N.
Engl. ]. Med. 2000, 342, 1887-1892. [CrossRef] [PubMed]

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. |. Clin. Oncol. 2017, 35, 893-911. [CrossRef]

Cardinale, D.; Colombo, A.; Bacchiani, G.; Tedeschi, I.; Meroni, C.A.; Veglia, F,; Civelli, M.; Lamantia, G.; Colombo, N.; Curigliano,
G.; et al. Early Detection of Anthracycline Cardiotoxicity and Improvement With Heart Failure Therapy. Circulation 2015, 131,
1981-1988. [CrossRef]

Tan-Chiu, E.; Yothers, G.; Romond, E.; Geyer, C.E.; Ewer, M.; Keefe, D.; Shannon, R.P.; Swain, S.M.; Brown, A.; Fehrenbacher, L.;
et al. Assessment of Cardiac Dysfunction in a Randomized Trial Comparing Doxorubicin and Cyclophosphamide Followed by
Paclitaxel, With or Without Trastuzumab As Adjuvant Therapy in Node-Positive, Human Epidermal Growth Factor Receptor
2-Overexpressing Breast Cancer: NSABP B-31. J. Clin. Oncol. 2005, 23, 7811-7819.

Oken, M.M.; Creech, R.H.; Tormey, D.C.; Horton, J.; Davis, T.E.; McFadden, E.T.; Carbone, P.P. Toxicity and response criteria of
the Eastern Cooperative Oncology Group. Am. J. Clin. Oncol. 1982, 5, 649. [CrossRef] [PubMed]

Ishaaya, E.; Kinninger, A.; Schwarzman, L.; Hamidi, H.; Kim, B.; Roy, S.; Budoff, M.]. CAC progression in men and women: Is
there an inflection at menopause? J. Am. Coll. Cardiol. 2024, 83, 1942. [CrossRef]

Lerner, D.J.; Kannel, W.B. Patterns of coronary heart disease morbidity and mortality in the sexes: A 26-year follow-up of the
Framingham population. Am. Heart J. 1986, 111, 383-390. [CrossRef] [PubMed]

Kannel, W.B.; McGee, D.L. Diabetes and Cardiovascular Disease: The Framingham Study. JAMA 1979, 241, 2035-2038. [CrossRef]
Subherwal, S.; Patel, M.R.; Kober, L.; Peterson, E.D.; Bhatt, D.L.; Gislason, G.H.; Olsen, A.M.S.; Jones, W.S.; Torp-Pedersen, C.;
Fosbol, E.L. Peripheral artery disease is a coronary heart disease risk equivalent among both men and women: Results from a
nationwide study. Eur. ]. Prev. Cardiol. 2015, 22, 317-325. [CrossRef]


https://doi.org/10.1200/JCO.2018.77.9736
https://doi.org/10.1016/j.breast.2020.04.005
https://doi.org/10.3747/co.27.5717
https://www.rrh.org.au/journal/article/1591/
https://doi.org/10.22605/RRH1591
https://www.cihi.ca/sites/default/files/document/geographic-distribution-physicians-canada-en.pdf
https://www.cihi.ca/sites/default/files/document/geographic-distribution-physicians-canada-en.pdf
https://www.statskingdom.com/proportion-confidence-interval-calculator.html
https://colab.research.google.com/
https://doi.org/10.1038/nrn3475
https://doi.org/10.1161/01.CIR.77.3.607
https://www.ncbi.nlm.nih.gov/pubmed/3342491
https://doi.org/10.1161/01.CIR.96.10.3294
https://openpublishing.library.umass.edu/pare/article/id/1375/
https://openpublishing.library.umass.edu/pare/article/id/1375/
https://doi.org/10.2466/03.CP.3.1
https://doi.org/10.1037/h0037350
https://doi.org/10.1056/NEJM200006223422507
https://www.ncbi.nlm.nih.gov/pubmed/10861325
https://doi.org/10.1200/JCO.2016.70.5400
https://doi.org/10.1161/CIRCULATIONAHA.114.013777
https://doi.org/10.1097/00000421-198212000-00014
https://www.ncbi.nlm.nih.gov/pubmed/7165009
https://doi.org/10.1016/S0735-1097(24)03932-9
https://doi.org/10.1016/0002-8703(86)90155-9
https://www.ncbi.nlm.nih.gov/pubmed/3946178
https://doi.org/10.1001/jama.1979.03290450033020
https://doi.org/10.1177/2047487313519344

Cancers 2025, 17, 1909 16 of 16

41.

42.

43.

44.

45.

46.

47.

Tanuseputro, P.; Manuel, D.; Leung, M.; Nguyen, K.; Johansen, H. Risk factors for cardiovascular disease in Canada. Can. .
Cardiol. 2003, 19, 1249-1259. Available online: https://pubmed.ncbi.nlm.nih.gov/14571310/ (accessed on 6 October 2024).
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. Anmn.
Oncol. 2020, 31, 171-190. [CrossRef]

Wu, G.; Wu, J.; Lu, Q.; Cheng, Y.; Mei, W. Association between cardiovascular risk factors and atrial fibrillation. Front. Cardiovasc.
Med. 2023, 10, 1110424. [CrossRef]

Chen, H.; Luo, X;; Du, Y;; He, C,; Lu, Y,; Shi, Z.; Zhou, J. Association between chronic obstructive pulmonary disease and
cardiovascular disease in adults aged 40 years and above: Data from NHANES 2013-2018. BMC Pulm. Med. 2023, 23, 318.
[CrossRef]

Rabe, K.F,; Hurst, J.R.; Suissa, S. Cardiovascular disease and COPD: Dangerous liaisons? Eur. Respir. Rev. 2018, 27, 240274.
Available online: https://err.ersjournals.com/content/27/149 /180057 (accessed on 7 October 2024). [CrossRef]

Fuhr, D.P; Brotto, A.R.; Rowe, B.H.; Bhutani, M.; Rosychuk, R.J.; Stickland, M.K. Examining changes in vascular function, arterial
stiffness and systemic inflammation during hospitalization and recovery from an acute exacerbation of chronic obstructive
pulmonary disease. Sci. Rep. 2023, 13, 12245. [CrossRef] [PubMed]

Bobrowski, D.; Suntheralingam, S.; Calvillo-Argtielles, 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]

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


https://pubmed.ncbi.nlm.nih.gov/14571310/
https://doi.org/10.1016/j.annonc.2019.10.023
https://doi.org/10.3389/fcvm.2023.1110424
https://doi.org/10.1186/s12890-023-02606-1
https://err.ersjournals.com/content/27/149/180057
https://doi.org/10.1183/16000617.0057-2018
https://doi.org/10.1038/s41598-023-39001-z
https://www.ncbi.nlm.nih.gov/pubmed/37507427
https://doi.org/10.1016/j.cjca.2019.12.021
https://www.ncbi.nlm.nih.gov/pubmed/32621888

	Introduction 
	Materials and Methods 
	Study Population 
	Outcomes 
	Statistical Analysis 

	Results 
	Patient and Cardiac Imaging Characteristics 
	The Yield of Cardiac Imaging Based on Treatment Regimen 
	Predictive Variables for a Higher Yield of Cardiac Imaging 

	Discussion 
	Conclusions 
	References

