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BACKGROUND Guidelines recommend left ventricular ejection fraction (LVEF) assessments every 3 months for cardiotoxicity

monitoring during human epidermal growth factor receptor 2 (HER2) targeted therapy. Evidence in support of this practice is lacking.

OBJECTIVES This study examines the association between adherence to cardiotoxicity surveillance guidelines and

heart failure (HF) in HER2-positive breast cancer patients.

METHODS A case-control study was performed in 53 patients who developed cardiotoxicity during HER2 targeted

therapy, and 159 controls matched by age, anthracycline exposure, and year of treatment. Cardiotoxicity was defined as

HF (New York Heart Association functional class III or IV) or cardiac death. Adherence to cardiotoxicity surveillance

guidelines was ascertained from the beginning of HER2 targeted therapy to the diagnosis date of HF for cases or the

corresponding timepoint for matched controls. Conditional logistic regression was used for case-control comparisons.

RESULTS Eighty-one percent of cases and controls were previously treated with an anthracycline. Adherence to cardiotoxicity

surveillance guidelines during the entire observation period or during the first 6 months of treatment was not associated with

lower risk of HF. An LVEF <55% at any surveillance timepoint was identified in 49% of cases and 3% of controls, and an

LVEF <55% during the final surveillance timepoint before developing HF was identified in 54% of cases and 4% of controls. In

multivariable-adjusted analyses, LVEF <55% at any timepoint or during the final surveillance timepoint (odds ratio: 27.0; 95%

confidence interval: 9.3 to 78.8 and odds ratio: 25.6; 95% confidence interval: 7.3 to 90.3, respectively) was associated with HF.

CONCLUSIONS Patients with LVEF <55% on routine surveillance during HER2 targeted therapy are at increased risk for

HF. Additional studies to define their optimal management are warranted. (J Am Coll Cardiol CardioOnc 2020;2:166–75)
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AB BR E V I A T I O N S

AND ACRONYM S

BMI = body mass index

CI = confidence interval

HER2 = human epidermal

growth factor receptor 2

HF = heart failure

IQR = interquartile range

LVEF = left ventricular

ejection fraction

NYHA = New York Heart

Association

OR = odds ratio
L eft ventricular ejection fraction (LVEF) is an
important imaging biomarker used for the
screening and diagnosis of cardiotoxicity asso-

ciated with cancer therapy. In cardio-oncology, LVEF
measurements are used to determine a patient’s eligi-
bility to initiate and continue widely used breast can-
cer treatment regimens containing anthracyclines
and/or targeted human epidermal growth factor re-
ceptor 2 (HER2) therapy.

Cardiotoxicity, manifesting as heart failure (HF) or
LVEF decline, is the most frequent cause of prema-
ture treatment interruption or discontinuation of
sequential anthracycline chemotherapy followed by
HER2 targeted therapy (1). The reported incidence of
HF associated with this regimen ranges from 2% to
4%, whereas asymptomatic LVEF declines occur more
frequently in up to 19% of patients (2,3). In the clin-
ical trial setting, routine cardiac surveillance with
echocardiograms or radionuclide ventriculography
was required at baseline and every 3 months during
trastuzumab administration (3,4). In these studies, a
significant reduction in LVEF, defined using various
criteria including a decrease of 10 or more absolute
percentage points to below the lower limit of normal
or an absolute decrease of 16 or more percentage
points, prompted an interruption in treatment until
the LVEF improved. However, there are no published
data to show that routine LVEF surveillance during
HER2 targeted therapy leads to improved cardiac
safety or reduced risk of treatment-induced HF.
Despite this gap in knowledge, routine LVEF sur-
veillance during HER2 targeted therapy has been
adopted into clinical practice as the standard of care
and is endorsed by several clinical practice guidelines
(5–8).

The primary objective of this study was to deter-
mine if there is an association between adherence to
current guidelines for routine LVEF surveillance
during HER2 targeted therapy and treatment-induced
HF. In this case-control study, we focused exclusively
on cases of severe cardiotoxicity defined by New York
Heart Association (NYHA) functional class III or IV HF
or cardiac death during HER2 targeted therapy
because of the clear clinical significance of these
events on cardiac- and cancer-related outcomes. Any
data on the association between LVEF surveillance
and HF would inform future efforts to improve upon
the current strategy of cardiotoxicity surveillance.

METHODS

DESIGN AND SETTING. This was a case-control
study of female patients age 18 years or older
receiving trastuzumab-based treatment for HER2-
positive breast cancer (stage I to IV) at
Memorial Sloan Kettering Cancer Center
between 2005 and 2015. To evaluate the
association between cardiac surveillance
and risk for HF, the adherence to routine
LVEF assessments (every 3 months) was
compared between patients who developed
HF or cardiac death during trastuzumab-
based treatment (cases) versus matched
patients who completed trastuzumab-based
treatment without severe cardiotoxicity
(controls). The study was approved by the
institutional review board of Memorial
Sloan Kettering Cancer Center.
CASE PATIENT DEFINITION AND CONTROL PATIENT

SELECTION. Case patients included in this study
were women who developed severe cardiotoxicity
during trastuzumab-based treatment, defined as an
event meeting one of the following criteria: 1) HF
symptoms such as dyspnea, decreased exercise
tolerance, or fatigue during less than ordinary activity
or at rest (NYHA functional class III or IV), with evi-
dence of new or worsening HF on physical examina-
tion (e.g., peripheral edema, crackles, increased
jugular venous pressure, or rapid weight gain related
to fluid retention) or diagnostic testing (e.g.,
increased B-type natriuretic peptide, pulmonary
congestion on chest x-ray, or abnormal left ventric-
ular systolic function); or 2) cardiac death. Case pa-
tients were identified through one of the following
mechanisms: 1) review of the institutional echocar-
diogram database for patients receiving trastuzumab
with an LVEF <55%; 2) review of pharmacy adminis-
tration data to identify patients with an interruption
or discontinuation of trastuzumab; 3) review of lab-
oratory data for elevated B-type natriuretic peptide
>100 pg/ml (9); 4) review of institutional billing data
for 2 outpatient or 1 inpatient International Classifi-
cation of Diseases-9th revision codes for HF (402.01,
402.11, 402.91, 404.01, 404.11, 404.91, 404.93, and
428.x) or cardiomyopathy (425.x) (10); or 5) review of
an institutional database containing cardiotoxicity
outcomes from all breast cancer patients treated with
adjuvant trastuzumab at our institution from 2005 to
2010, as previously described (11). The medical re-
cords of all 53 cardiotoxicity cases were indepen-
dently reviewed by 2 cardiologists (A.F.Y., J.Y.) to
confirm that each met the criteria for severe car-
diotoxicity. Each case patient was individually
matched to 3 control patients according to age strata
at the time of cancer treatment (<35, 35 to 39, 40 to
44, 45 to 49, 50 to 54, 55 to 59, 60 to 64, 65 to 69, 70 to
74, and $75 years), current or prior treatment with
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anthracycline chemotherapy (yes vs. no), and year of
breast cancer treatment (�1 year). The electronic
medical record was reviewed to confirm that all con-
trol patients were free of HF symptoms during the
trastuzumab treatment period.

DATA COLLECTION. Electronic medical records were
reviewed for each eligible case and control patient,
and a standard form was used to abstract the
following data: age at treatment, sex, body mass in-
dex (BMI), race, and cancer treatment regimen. Other
variables collected at the time of initiation of HER2
targeted therapy included the following: cardiovas-
cular risk factors (hypertension, hyperlipidemia, dia-
betes, and tobacco use), concomitant cardiovascular
medications (beta-blockers, angiotensin-converting
enzyme inhibitors (ACEIs) or angiotensin receptor
blockers (ARBs), and calcium channel blockers), and
history of cardiovascular disease (coronary artery
disease, arrhythmia, or cardiomyopathy). Three
consecutive systolic and diastolic blood pressure
measurements obtained after the initiation of HER2
targeted therapy were averaged.

EXPOSURES. Data from all cardiac imaging studies
(i.e., echocardiogram, multigated acquisition scan, or
cardiac magnetic resonance imaging) performed at
our institution as well as externally were collected
from the medical record, and the frequency and
timing of routine surveillance LVEF assessments
during HER2 targeted therapy were ascertained. Any
cardiac imaging study that was ordered for the diag-
nostic workup of a patient presenting with signs/
symptoms of HF or performed after the diagnosis date
of HF was not considered to be a surveillance study
and was censored. For case patients, the time window
of exposure to LVEF surveillance tests (hereafter
referred to as the “observation period”) began
6 months before the start date of trastuzumab treat-
ment and ended on the date of HF or death. The
length of the observation period for each control pa-
tient was matched to the corresponding case patient
to ensure equal time windows of exposure to LVEF
surveillance for both groups. Among controls, any
LVEF assessment performed after the corresponding
date of HF or cardiac death in the matched case pa-
tient was excluded. The rate of cardiac surveillance
was calculated as the proportion of subjects (cases or
controls) at risk for cardiotoxicity who underwent a
surveillance LVEF assessment at a specific timepoint.

Based on current clinical practice guidelines which
recommend LVEF assessments every 3 months during
targeted HER2 treatment, patients were considered
adherent if the following 2 conditions were met:
1) an LVEF assessment was performed up to 6 months
before trastuzumab treatment; and 2) a follow-up
LVEF assessment was performed during each 3-
month interval (�45 days) after the initiation of
trastuzumab. LVEF assessments performed before
the initiation of anthracycline chemotherapy were
not included in the criteria for adherence. A 45-day
window was included to account for differences in
scheduling and/or patient availability to undergo
cardiotoxicity surveillance in the real-world setting.
Adherence as a categorical variable was ascertained
for the following timepoints: 1) during the entire
observation period; 2) during the first 6 months of the
observation period; and 3) during the last 3-month
interval of the observation period, corresponding to
the 3-month interval immediately preceding the HF
or cardiac death event for case patients. Given the
uncertain clinical significance of an asymptomatic
LVEF decline during HER2 targeted therapy, we also
identified patients with an abnormal LVEF (<55%)
detected during routine surveillance at the following
timepoints: 1) at any time during the observation
period, or 2) during the last 3-month interval of the
observation period.

STATISTICAL ANALYSIS. Continuous measures are
summarized as mean � SD or median (interquartile
range [IQR]) and categorical measures as frequency
and percentage. Conditional logistic regression was
used to estimate the unadjusted odds ratios (ORs) and
95% confidence intervals (CIs) for the association
between patient characteristics and case-control sta-
tus. Conditional logistic regression models were fit to
estimate the association between LVEF surveillance
and HF, adjusting for significant factors from the
univariable analysis at a p value threshold of <0.10.
Covariates in the final multivariable model included
pre-trastuzumab LVEF and BMI as continuous vari-
ables and the following categorical variables: stage of
disease (local versus metastatic), race (white, black,
or other), hypertension, and treatment with a calcium
channel blocker or statin. Firth’s penalized likelihood
logistic regression was used to evaluate the associa-
tion between abnormal surveillance LVEF <55% and
HF due to the low prevalence of an abnormal sur-
veillance LVEF <55% among the control group,
adjusting for case-control matching factors, BMI,
stage of disease, race, hypertension, and treatment
with a calcium channel blocker or statin. Only pa-
tients who underwent a routine LVEF surveillance
assessment during the last 3-month interval of the
observation period were considered in the analysis of
LVEF <55% (during the last 3-month interval of the
observation period) and HF. A p value of <0.05 was
considered significant. All statistical analysis was



TABLE 1 Patient Characteristics

Cases
(n ¼ 53)

Controls
(n ¼ 159)

Unadjusted OR
(95% CI)

p
Value

Age at BCA treatment, yrs 57 (49–65) 59 (49–64) — —

Age at BCA treatment, yrs — —

<45 9 (17) 27 (17)

45-54 12 (23) 36 (23)

55-64 20 (38) 60 (38)

$65 12 (23) 36 (23)

Anthracycline treatment — —

Yes 43 (81) 129 (81)

No 10 (19) 30 (19)

BMI, kg/m2 29.7 (25.8–33.4) 26.9 (23.6–31.0) 1.05 (1.0–1.1) 0.037

Radiotherapy 0.127

Yes 31 (58) 111 (70) 0.6 (0.3–1.2)

No 22 (42) 48 (30) 1.0

Metastatic 0.087

Yes 11 (21) 18 (11) 2.1 (0.9–5.0)

No 42 (79) 141 (89) 1.0

Race <0.001

Other 1 (2) 10 (6) 0.4 (0.0–3.3)

Black 21 (40) 22 (14) 4.5 (2.0–10.1)

White 31 (58) 127 (80) 1.0

Pre-trastuzumab LVEF, % 60 (55–65) 65.5 (62–69) 0.3 (0.1–0.5)* <0.001

Pre-trastuzumab LVEF, % —† —

<55 10 (19) 0 (0)

55-64 26 (49) 59 (37)

$65 13 (25) 75 (47)

Not performed 4 (8) 25 (16)

Pre-trastuzumab systolic BP,
mm Hg

125 (115–135) 122.5 (112–133) 1.0 (1.0–1.0) 0.243

Pre-trastuzumab diastolic BP,
mm Hg

76 (71–81) 73 (69–79) 1.0 (1.0–1.1) 0.235

Hypertension 0.010

Yes 26 (49) 51 (32) 2.7 (1.2–5.7)

No 27 (51) 108 (68) 1.0

Diabetes 0.102

Yes 10 (19) 16 (10) 2.1 (0.9–5.1)

No 43 (81) 143 (90) 1.0

Hyperlipidemia 0.409

Yes 11 (21) 41 (26) 0.7 (0.3–1.6)

No 42 (79) 118 (74) 1.0

CAD 0.747

Yes 1 (2) 2 (1) 1.5 (0.1–16.5)

No 52 (98) 157 (99) 1.0

Arrhythmia 0.283

Yes 2 (4) 2 (1) 3.0 (0.4–21.3)

No 51 (96) 157 (99) 1.0

Smoking 0.189

Current 4 (8) 3 (2) 3.9 (0.9–17.6)

Former 16 (30) 54 (34) 0.9 (0.5–1.7)

Never 33 (62) 102 (64) 1.0

Beta-blocker 0.190

Yes 9 (17) 17 (11) 2.0 (0.7–5.4)

No 44 (83) 142 (89) 1.0

ACEI/ARB 0.556

Yes 13 (25) 33 (21) 1.3 (0.6–27.0)

No 40 (75) 126 (79) 1.0

Continued on the next page
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performed in Stata 15.1 (StataCorp, College Sta-
tion, Texas).

RESULTS

PATIENT CHARACTERISTICS. A total of 212 patients
(53 cases and 159 matched controls) were included in
this study. Table 1 shows the characteristics of the
study sample by case-control status. The median age
at the time of breast cancer treatment among the
cases was 57 years, and 81% had previously been
treated with anthracycline chemotherapy. Controls
were well matched to cases on these variables as
shown in Table 1. Cases, compared to controls, had a
higher BMI (median 29.7 kg/m2 vs. 26.9 kg/m2, OR:
1.05; 95% CI: 1.0 to 1.1) and were more likely to be
black (40% vs. 14%, OR: 4.5 (relative to white); 95%
CI: 2.0 to 10.1).

Among patients who were treated with sequential
anthracyclines and trastuzumab, the median (IQR)
LVEF before beginning anthracycline chemotherapy
was 60% (IQR: 58% to 65%) among cases versus
66% (IQR: 63% to 70%) among controls. For all
patients, the median LVEF before beginning tras-
tuzumab was 60% (IQR: 55% to 65%) among cases
compared to 66% (IQR: 62% to 69%) among con-
trols. A higher LVEF before trastuzumab treatment
was associated with lower risk for cardiotoxicity,
with an OR of 0.3 (95% CI: 0.1 to 0.5) for every 10-
point increase in LVEF. Hypertension (49% vs. 32%,
OR: 2.7; 95% CI: 1.2 to 5.7) and treatment with a
calcium channel blocker (19% vs. 8%, OR: 3.2; 95%
CI: 1.2 to 8.6) were more prevalent among the cases
compared to controls. Presence of other cardiovas-
cular risk factors including diabetes, hyperlipid-
emia, coronary artery disease, arrhythmia, and
tobacco use were not significantly different between
cases and controls. Similar percentages of case and
control patients were treated with beta blockers,
ACEIs or ARBs, aspirin, and statins before beginning
HER2 targeted therapy. There was no significant
difference in systolic or diastolic blood pressure
between cases or controls measured at the time of
trastuzumab initiation.

Among the cases, criteria for cardiotoxicity
included NYHA functional class III or IV HF in 52
patients (2 with preserved LVEF $50%; 10 with mid-
range LVEF 40% to 49%; 40 with reduced
LVEF <40%) and HF-related death in 1 patient. The
median (IQR) time interval between the start date of
HER2 targeted therapy and the diagnosis of car-
diotoxicity was 159 (IQR: 94 to 242) days. HER2 tar-
geted therapy was discontinued in 51 of 53 cases



TABLE 1 Continued

Cases
(n ¼ 53)

Controls
(n ¼ 159)

Unadjusted OR
(95% CI)

p
Value

CCB 0.021

Yes 10 (19) 12 (8) 3.2 (1.2–8.6)

No 43 (81) 147 (92) 1.0

Aspirin 0.798

Yes 5 (9) 17 (11) 0.9 (0.3–2.4)

No 48 (91) 142 (89) 1.0

Statin 0.094

Yes 7 (13) 37 (23) 0.5 (0.2–1.2)

No 46 (87) 122 (77) 1.0

Values are median (interquartile range) or n (%), unless otherwise indicated. Percentages in the table may not
add to 100% given rounding. *ORs are reported for the effect of a 10% absolute change in LVEF. †Testing for
differences between cases and controls was not performed due to the small sample size.

ACEI ¼ angiotensin converting enzyme inhibitor; ARB ¼ angiotensin II receptor blocker; BCA ¼ breast cancer;
BMI ¼ body mass index; BP ¼ blood pressure; CAD ¼ coronary artery disease; CCB ¼ calcium channel blocker;
CI ¼ confidence interval; LVEF ¼ left ventricular ejection fraction; OR ¼ odds ratio.
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(96%). Of the remaining 2 cases, 1 patient who
developed HF after receiving the final planned dose
of trastuzumab and 1 patient with metastatic disease
who developed HF with preserved LVEF were
allowed to continue trastuzumab without interrup-
tion. Only 3 case patients were re-challenged with
trastuzumab after HF recovery. During the same
observation period, HER2 targeted therapy was dis-
continued due to asymptomatic LVEF declines in 3 of
159 controls (2%), of which 1 patient was re-
challenged with trastuzumab after improvement of
LVEF.

CARDIOTOXICITY SURVEILLANCE DURING HER2

TARGETED THERAPY. Overall, the rates of cardiac
surveillance during the observation period were
similar between cases and controls (Central
Illustration). Thirty-seven of 43 (86%) cases and
117 of 129 (91%) controls underwent a surveillance
LVEF assessment before initiation of anthracyclines,
and 49 of 53 (92%) cases and 134 of 159 (84%)
controls underwent a surveillance LVEF before
beginning trastuzumab. The rate of cardiac surveil-
lance decreased to 59% (22 of 37) for cases and 67%
(74 of 111) for controls at month 3 and 59% (13 of 22)
for cases and 70% (46 of 66) for controls at month
6. The median LVEF decreased from 60% (IQR: 55%
to 65%) before trastuzumab to 50% (IQR: 43% to
55%) at month 6 in the case patients but remained
overall stable from 66% (IQR: 62% to 69%) before
trastuzumab to 64% (IQR: 60% to 68%) at month 6
in the control patients.

ASSOCIATION BETWEEN CARDIOTOXICITY SURVEILLANCE

ANDHF. Overall, 62% (33 of 53) of cases and 58% (92 of
159) of controls adhered to cardiotoxicity surveillance
guidelines during the entire observation period.
There was no association between adherence and HF
(OR: 1.2; 95% CI: 0.4 to 3.9). Among the 53 cases, the
median (IQR) time interval from the final surveillance
LVEF to the HF event was 86 (IQR: 41 to 133) days, and
the median time from the last normal LVEF ( >55%) to
the HF event was 129 (IQR: 88 to 193) days. Twelve of
53 (23%) cases did not undergo a routine LVEF
assessment during the final 3-month surveillance in-
terval of the observation period before developing
HF. The proportion of control patients who did not
undergo a routine LVEF assessment during the final
3-month interval of the observation period was
similar to the cases (46 of 159 [29%]). There was no
association between adherence to LVEF surveillance
during the first 6 months or last 3 months (i.e., final
surveillance timepoint) of the observation period and
HF (Table 2); this did not change after adjusting for
relevant factors identified in Table 1.

ASSOCIATION BETWEEN ABNORMAL SURVEILLANCE

LVEF AND HF. An LVEF <55% during a surveillance
LVEF assessment at any timepoint in the observation
period was observed in 26 of 53 cases (49%; 95% CI:
35% to 63%) but only 5 of 157 controls (3%; 95% CI: 1%
to 7%) (Central Illustration). The lowest LVEF detected
during surveillance was between 45% and 54% in 18
cases and 2 controls, between 35% and 44% in 5 cases
and 2 controls, and <35% in 3 cases and 1 control. An
LVEF <55% during a surveillance LVEF assessment in
the final 3-month interval of the observation period
was observed in 22 of 41 cases (54%; 95% CI: 37% to
69%) but only 4 of 113 controls (4%; 95% CI: 1% to
9%). Of the 26 cases with a surveillance LVEF <55%,
12 (46%) underwent initiation or intensification of
beta-blocker or ACEI/ARB therapy, 7 (27%) were
already on beta blockers or ACEI/ARBs but received
no intensification of therapy, and 7 (27%) received no
beta blocker or ACEI/ARB therapy.

In multivariable adjusted analyses, an LVEF <55%
at any timepoint during the observation period (OR:
27.0; 95% CI: 9.3 to 78.8) and during the final 3-month
interval of the observation period (OR: 25.6; 95% CI:
7.3 to 90.3) were significantly associated with HF
(Table 2, Supplemental Tables 1 and 2). The associa-
tion between an abnormal surveillance LVEF (at any
timepoint) and HF remained significant when the
criterion for abnormal LVEF was modified to <53%
(OR: 29.8; 95% CI: 8.8 to 101.1) or <50% (OR: 14.5; 95%
CI: 4.1 to 51.0).

DISCUSSION

Several important findings emerge from this case-
control study of cardiotoxicity surveillance practices
during HER2 targeted therapy and treatment-induced

https://doi.org/10.1016/j.jaccao.2020.03.002
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HF among a predominantly anthracycline-treated
cohort. First, risk factors associated with HF
included BMI, pre-existing hypertension, and race,
consistent with results of prior studies (1,12–14).
Findings from this study also confirm and extend
those of prior retrospective and prospective studies
which report an increase in HF risk associated with a
lower LVEF at baseline (2,11,15,16). Second, adher-
ence to routine cardiac surveillance during HER2
targeted therapy as recommended by current guide-
lines was suboptimal among case patients. However,
a similar proportion of control patients were also non-
adherent to the recommended intervals for cardiac
surveillance. The lack of an association between



TABLE 2 Associations of Cardiotoxicity Surveillance With Heart Failure During HER2 Targeted Therapy

Cases
(n ¼ 53)

Controls
(n ¼ 159)

Crude OR
(95% CI)

Adjusted OR
(95% CI)

Compliant with LVEF surveillance (at all timepoints)

Yes 33 (62) 92 (58) 1.3 (0.6–2.6)* 1.2 (0.4–3.9)†

No 20 (38) 67 (42) 1.0 1.0

Compliant with LVEF surveillance (baseline to 6 months)

Yes 33 (62) 96 (60) 1.1 (0.6–2.2)* 1.0 (0.3–3.1)†

No 20 (38) 63 (40) 1.0 1.0

Compliant with LVEF surveillance (at final surveillance timepoint)

Yes 41 (77) 113 (71) 1.5 (0.7 to 3.2)* 1.1 (0.3–3.7)†

No 12 (23) 46 (29) 1.0 1.0

Abnormal surveillance LVEF <55% (at any timepoint)

Yes 26 (49) 5 (3) 26.2 (9.6–71.5)‡ 27.0 (9.3–78.8)§

No 27 (51) 152 (96) 1.0 1.0

Abnormal surveillance LVEF <55% (at final surveillance timepoint)#

Yes 22 (54) 4 (4) 27.7 (8.8–87.8)‡ 25.6 (7.3–90.3)§

No 19 (46) 109 (96) 1.0 1.0

Values are n (%), unless otherwise indicated. Percentages may not add to 100 given rounding. *ORs computed with conditional logistic regression. Controls were matched to
cases on age, year of treatment, and history of prior or current anthracycline treatment. †Odds ratios computed with conditional logistic regression, adjusted for BMI, pre-
trastuzumab LVEF, stage of disease (local or metastatic), race, hypertension, calcium channel blocker treatment, and statin treatment. ‡Firth’s penalized maximum likeli-
hood logistic regression was used to estimate ORs due to the low prevalence of abnormal LVEF among the controls, adjusting for case-control matching factors (age, year of
treatment, history of prior or current anthracycline treatment). §Firth’s penalized maximum likelihood logistic regression was used to estimate the OR after adjustment for case-
control matching factors, BMI, stage of disease, race, hypertension, calcium channel blocker treatment, and statin treatment. #This analysis was restricted to 41 case patients
and 113 control patients who underwent an LVEF assessment at the final surveillance timepoint.

Abbreviations as in Table 1.
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adherence to routine cardiac monitoring and HF
suggests that the performance of routine LVEF as-
sessments in isolation may be insufficient to mitigate
the risk of HF. Finally, this study found that an
abnormal LVEF <55% during routine surveillance is
significantly associated with risk of HF. This data
supports the notion that an abnormal LVEF during
targeted HER2 treatment represents a clinically rele-
vant stage within the cardiotoxicity spectrum that
precedes the onset of HF. If abnormal LVEF is an early
phase of cardiotoxicity, then early detection of an
abnormal LVEF during routine surveillance combined
with effective interventions aimed at preventing
progression to HF are likely to be of clinical benefit.

There is uncertainty within the cardio-oncology
community over the clinical utility and optimal fre-
quency of routine cardiac surveillance during car-
diotoxic cancer therapy, specifically anthracyclines
and/or trastuzumab. In 2006, when the U.S. Food and
Drug Administration approved trastuzumab for use in
the adjuvant setting, LVEF assessments were recom-
mended at baseline and every 3 months during ther-
apy (17). These recommendations were subsequently
endorsed as the standard-of-care by several clinical
practice guidelines such as the National Comprehen-
sive Cancer Network (8). However, an update to the
National Comprehensive Cancer Network guidelines
in 2016 acknowledges that the optimal frequency of
LVEF monitoring during trastuzumab is unknown (7).
Similarly, clinical practice guidelines published by
the American Society of Clinical Oncology in 2016
recommend that the frequency of surveillance during
cardiotoxic cancer treatment, in general, be based on
clinical judgment and patient circumstances rather
than a one-size-fits-all approach of every 3 months for
all patients (5).

In the current study, cardiac monitoring for both
cases and controls was less rigorous than recom-
mended in current guidelines, consistent with prior
observational studies. In a Surveillance, Epidemi-
ology, and End Results–Medicare study by Chavez-
MacGregor et al. (18), only 36% of participants
receiving adjuvant trastuzumab underwent
adequate cardiac monitoring, defined by a baseline
cardiac evaluation (echocardiogram or multiple
gated acquisition scan) and a subsequent follow-up
at least every 4 months during trastuzumab. Simi-
larly, only 46% of patients were adherent to
guideline-recommended cardiac monitoring in a
claims-based study of 4,325 patients treated with
trastuzumab (19). In these studies, several factors
influenced the rate of cardiac monitoring during
breast cancer therapy including treatment with
anthracyclines, age, and sex or year of training of
the treating physician. However, evidence is lacking
on whether adherence to current cardiac monitoring
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guidelines results in improved patient outcomes.
Among the 12 patients in the current study who
were not adherent with cardiac monitoring recom-
mendations during the interval immediately before
developing HF, it is possible but not proven that a
routine LVEF assessment could have detected a
LVEF decline and led to an intervention to prevent
HF. This knowledge gap must be addressed before
efforts to improve cardiac monitoring adherence are
strongly endorsed.

This study shows that an abnormal LVEF detected
through routine surveillance during HER2 targeted
therapy has important clinical implications, specif-
ically an increased risk of HF. This raises the question
of whether early intervention with cardioprotective
medications (e.g., beta blockers or ACEIs) in patients
who develop an asymptomatic LVEF decline is an
effective treatment to prevent further impairment of
left ventricular systolic function and halt progression
to HF. Another important consideration is whether
patients who develop an asymptomatic LVEF decline
can safely continue to receive HER2 targeted therapy.
These 2 questions have been addressed in 2 small
prospective trials which report a low cardiac event
rate in patients who receive additional HER2 targeted
therapy after an asymptomatic LVEF decline (20,21).
Patients in both studies were followed closely by a
cardiologist, underwent frequent serial LVEF assess-
ments, and received maximal tolerated doses of car-
dioprotective medications. While these findings
should be confirmed in larger studies, they provide
evidence to further support the utility of routine
LVEF surveillance as shown in this study.

To date there have been several randomized clin-
ical trials evaluating cardioprotective medications for
the primary prevention of cardiotoxicity. Most of
these studies have reported a marginal improvement
in measures of left ventricular systolic function
(22–25). Findings from this study of a possible asso-
ciation between calcium channel blocker treatment
and HF may be consistent with current HF guidelines
stating that calcium channel blockers may be harmful
in patients with low LVEF; however, this must be
further investigated (26).

There is general agreement that the risk of car-
diotoxicity is highest among patients treated with
sequential anthracyclines and HER2 targeted ther-
apy. Therefore, it is likely that routine LVEF sur-
veillance would have the greatest clinical utility
during treatment with these high-risk regimens in
which an estimated 15% to 20% will develop
asymptomatic LVEF decline. Given that the majority
of participants in the current study were treated
with an anthracycline, study findings may not be
generalizable to patients receiving alternative treat-
ment regimens. For example, the need for routine
LVEF surveillance during treatment with lower-risk
regimens (i.e., non-anthracycline–based regimens)
in which the incidence of asymptomatic LVEF
decline is significantly lower remains less certain
(27). To maximize the benefit of cardiac monitoring,
the current one-size-fits-all approach should be
replaced with a strategy in which the frequency of
LVEF monitoring is tailored to a patient’s individu-
alized risk of cardiotoxicity.

In the current study, several strategies were used
to minimize methodological bias associated with the
case-control study design. First, cases and controls
were matched for known factors associated with risk
of HF (i.e., age and exposure to anthracyclines) as
well as characteristics that could affect the likelihood
of undergoing a surveillance LVEF assessment (i.e.,
year of treatment). Second, a comprehensive review
of the medical record was used to ensure that only
LVEF assessments performed for surveillance pur-
poses (rather than for diagnostic purposes) were
included in the analysis. Third, the same observation
period was used for cases and matched controls in
determining exposure to cardiac surveillance studies
to avoid a time window bias. Finally, the definition of
adherence to LVEF surveillance was varied based on
several different time intervals including the full
observation period, the first 6 months of the obser-
vation period, and the last 3 months of the observa-
tion period, and the results were similar regardless of
the definition used.

STUDY LIMITATIONS. The relatively small sample
size of 53 cases limits our power to definitively
exclude an association between adherence to car-
diac monitoring and HF, although our finding of
the association between a LVEF <55% and subse-
quent HF may justify efforts to improve cardiac
monitoring among high-risk patients. Most patients
in this study were exposed to prior anthracycline
chemotherapy; therefore, findings are not general-
izable to patients treated with non-anthracycline–
based therapy. Given the increase in the use of
safer regimens in which anthracyclines are
excluded, such as taxanes plus trastuzumab,
future studies are warranted to evaluate the
effectiveness of LVEF surveillance with these
alternative treatments. Because of the retrospec-
tive nature of this study, the possibility of selec-
tion bias or detection bias among the cases or
controls or the possibility of unmeasured con-
founders cannot be excluded. However, multiple
strategies were used to account for potential
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limitations inherent in the case-control design as
noted above. The optimal LVEF monitoring inter-
val and the relative contribution of provider
versus patient-related factors on the adherence to
guideline-recommended LVEF surveillance could
not be assessed. Despite these limitations, this
study provides new information regarding the
importance of LVEF surveillance during HER2
targeted therapy, especially among those with
prior anthracycline exposure.

In summary, this study suggests that an abnormal
LVEF <55% detected during routine surveillance is a
powerful indicator that the patient is at high risk for
the subsequent development of HF during HER2
targeted therapy. Additional studies are needed to
determine whether intervening with car-
dioprotective medications and/or interruption of
HER2 targeted therapy for an asymptomatic LVEF
decline detected on routine surveillance can prevent
HF without adversely impacting breast cancer out-
comes. This will provide important evidence needed
to support current cardiotoxicity monitoring guide-
lines and justify future initiatives to improve
adherence with routine cardiac surveillance, partic-
ularly among patients at increased cardiotoxicity
risk.

ACKNOWLEDGMENTS The authors wish to thank
Mohammed Al-Sadawi, MD (SUNY Downstate Medical
Center, Brooklyn, New York) for his contribution in
data collection for this study.
ADDRESS FOR CORRESPONDENCE: Dr. Anthony F.
Yu, Department of Medicine, Cardiology Service,
Memorial Sloan Kettering Cancer Center, 1275 York
Avenue, New York, New York 10021. E-mail: yua3@
mskcc.org. Twitter: @AnthonyYuMD.
RE F E RENCE S
1. Yu AF, Yadav NU, Lung BY, et al. Trastuzumab
interruption and treatment-induced cardiotoxicity
in early HER2-positive breast cancer. Breast Can-
cer Res Treat 2015;149:489–95.

2. Romond EH, Jeong JH, Rastogi P, et al. Seven-
year follow-up assessment of cardiac function in
NSABP B-31, a randomized trial comparing doxo-
rubicin and cyclophosphamide followed by pacli-
taxel (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;30:3792–9.

3. Slamon D, Eiermann W, Robert N, et al. Adju-
vant trastuzumab in HER2-positive breast cancer.
N Engl J Med 2011;365:1273–83.

4. Romond EH, Perez EA, Bryant J, et al. Trastu-
zumab plus adjuvant chemotherapy for operable
HER2-positive breast cancer. N Engl J Med 2005;
353:1673–84.

5. Armenian SH, Lacchetti C, Barac A, et al. Pre-
vention 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.
6. Plana JC, Galderisi M, Barac A, et al. Expert
consensus for multimodality imaging evaluation of
adult patients during and after cancer therapy: a
report from the American Society of Echocardi-
ography and the European Association of Cardio-
vascular Imaging. J Am Soc Echocardiogr 2014;27:
911–39.

7. National Comprehensive Cancer Network.
Breast Cancer—NCCN Clinical Practice Guidelines
in Oncology (Version 1.2016). Available at: https://
www.nccn.org/professionals/physician_gls/pdf/
breast.pdf. Accessed April 7, 2016.

8. Carlson RW, Allred DC, Anderson BO, et al.
Invasive breast cancer. J Natl Compr Cancer Netw
2011;9:136–222.

9. Maisel A. B-type natriuretic peptide levels:
diagnostic and prognostic in congestive heart
failure: what’s next? Circulation 2002;105:
2328–31.

10. Chen J, Long JB, Hurria A, Owusu C,
Steingart RM, Gross CP. Incidence of heart failure
or cardiomyopathy after adjuvant trastuzumab
therapy for breast cancer. J Am Coll Cardiol 2012;
60:2504–12.
11. Yu AF, Yadav NU, Eaton AA, et al. Continuous
trastuzumab therapy in breast cancer patients
with asymptomatic left ventricular dysfunction.
Oncologist 2015;20:1105–10.

12. Guenancia C, Lefebvre A, Cardinale D, et al.
Obesity as a risk factor for anthracyclines and
trastuzumab cardiotoxicity in breast cancer: a
systematic review and meta-analysis. J Clin Oncol
2016;34:3157–65.

13. Litvak A, Batukbhai B, Russell SD, et al. Racial
disparities in the rate of cardiotoxicity of HER2-
targeted therapies among women with early
breast cancer. Cancer 2018;124:1904–11.

14. Salz T, Zabor EC, de Nully Brown P, et al.
Preexisting cardiovascular risk and subsequent
heart failure among non-Hodgkin lymphoma sur-
vivors. J Clin Oncol 2017;35:3837–43.

15. Goel S, Liu J, Guo H, et al. Decline in left
ventricular ejection fraction following anthracy-
clines predicts trastuzumab cardiotoxicity. J Am
Coll Cardiol HF 2019;7:795–804.

16. Guarneri V, Lenihan DJ, Valero V, et al. Long-
term cardiac tolerability of trastuzumab in

mailto:yua3@mskcc.org
mailto:yua3@mskcc.org
https://twitter.com/AnthonyYuMD
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref1
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref1
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref1
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref1
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref2
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref2
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref2
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref2
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref2
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref2
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref2
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref2
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref3
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref3
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref3
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref4
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref4
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref4
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref4
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref5
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref5
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref5
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref5
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref5
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref6
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref6
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref6
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref6
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref6
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref6
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref6
https://www.nccn.org/professionals/physician_gls/pdf/breast.pdf
https://www.nccn.org/professionals/physician_gls/pdf/breast.pdf
https://www.nccn.org/professionals/physician_gls/pdf/breast.pdf
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref8
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref8
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref8
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref9
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref9
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref9
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref9
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref10
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref10
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref10
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref10
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref10
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref11
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref11
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref11
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref11
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref12
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref12
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref12
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref12
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref12
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref13
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref13
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref13
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref13
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref14
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref14
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref14
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref14
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref15
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref15
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref15
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref15
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref16
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref16


J A C C : C A R D I O O N C O L O G Y , V O L . 2 , N O . 2 , 2 0 2 0 Yu et al.
J U N E 2 0 2 0 : 1 6 6 – 7 5 Cardiotoxicity Surveillance and HF

175
metastatic breast cancer: the M.D. Anderson
Cancer Center experience. J Clin Oncol 2006;24:
4107–15.

17. Genentech: Herceptin (trastuzumab): high-
lights of prescribing information, 04/2015 update.
Available at: http://www.gene.com/download/
pdf/herceptin_prescribing.pdf. Accessed October
23, 2019.

18. Chavez-MacGregor M, Niu J, Zhang N, et al.
Cardiac monitoring during adjuvant trastuzumab-
based chemotherapy among older patients with
breast cancer. J Clin Oncol 2015;33:2176–83.

19. Henry ML, Niu J, Zhang N, Giordano SH, Cha-
vez-MacGregor M. Cardiotoxicity and cardiac
monitoring among chemotherapy-treated breast
cancer patients. J Am Coll Cardiol Img 2018;11:
1084–93.

20. Lynce F, Barac A, Geng X, et al. Prospective
evaluation of the cardiac safety of HER2-targeted
therapies in patients with HER2-positive breast
cancer and compromised heart function: the
SAFE-HEaRt study. Breast Cancer Res Treat 2019;
175:595–603.
21. Leong D, Cosman T, Alhussein M, et al. Safety
of continuing trastuzumab despite mild car-
diotoxicity, a phase I trial. J Am Coll Cardiol Car-
dioOnc 2019;1:1–10.

22. Gulati G, Heck SL, Ree AH, et al. Prevention of
cardiac dysfunction during adjuvant breast cancer
therapy (PRADA): a 2 � 2 factorial, randomized,
placebo-controlled, double-blind clinical trial of can-
desartan andmetoprolol. Eur Heart J 2016;37:1671–80.

23. Boekhout AH, Gietema JA, Milojkovic
Kerklaan B, et al. Angiotensin II-receptor inhibition
with candesartan to prevent trastuzumab-related
cardiotoxic effects in patients with early breast
cancer: a randomized clinical trial. JAMA Oncol
2016;2:1030–7.

24. Pituskin E, Mackey JR, Koshman S, et al.
Multidisciplinary Approach to Novel Therapies in
Cardio-Oncology Research (MANTICORE 101-
Breast): a randomized trial for the prevention of
trastuzumab-associated cardiotoxicity. J Clin
Oncol 2017;35:870–7.

25. Guglin M, Krischer J, Tamura R, et al. Ran-
domized trial of lisinopril versus carvedilol to
prevent trastuzumab cardiotoxicity in patients
with breast cancer. J Am Coll Cardiol 2019;73:
2859–68.

26. Yancy CW, Jessup M, Bozkurt B, et al. 2013
ACCF/AHA guideline for the management of heart
failure: a report of the American College of Car-
diology Foundation/American Heart Association
Task Force on Practice Guidelines. J Am Coll Car-
diol 2013;62:e147–239.

27. Dang C, Guo H, Najita J, et al. Cardiac out-
comes of patients receiving adjuvant weekly
paclitaxel and trastuzumab for node-negative,
ERBB2-positive breast cancer. JAMA Oncol 2015:
1–8.

KEY WORDS breast cancer, cardiac
monitoring, cardio-oncology, cardiotoxicity,
heart failure
APPENDIX For supplemental tables, please
see the online version of this paper.

http://refhub.elsevier.com/S2666-0873(20)30070-3/sref16
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref16
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref16
http://www.gene.com/download/pdf/herceptin_prescribing.pdf
http://www.gene.com/download/pdf/herceptin_prescribing.pdf
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref18
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref18
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref18
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref18
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref19
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref19
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref19
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref19
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref19
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref20
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref20
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref20
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref20
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref20
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref20
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref21
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref21
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref21
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref21
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref22
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref22
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref22
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref22
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref22
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref22
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref23
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref23
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref23
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref23
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref23
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref23
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref24
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref24
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref24
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref24
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref24
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref24
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref25
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref25
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref25
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref25
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref25
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref26
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref26
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref26
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref26
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref26
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref26
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref27
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref27
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref27
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref27
http://refhub.elsevier.com/S2666-0873(20)30070-3/sref27

	Cardiotoxicity Surveillance and Risk of Heart Failure During HER2 Targeted Therapy
	Methods
	Design and setting
	Case patient definition and control patient selection
	Data collection
	Exposures
	Statistical analysis

	Results
	Patient characteristics
	Cardiotoxicity surveillance during HER2 targeted therapy
	Association between cardiotoxicity surveillance and HF
	Association between abnormal surveillance LVEF and HF

	Discussion
	Study limitations

	Acknowledgments
	References


