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Abstract

Aims Improved cancer survivorship has led to a higher number of anthracycline-induced cardiomyopathy patients with
end-stage heart failure. We hypothesize that outcomes following continuous-flow LVAD (CF-LVAD) implantation in those with
anthracycline-induced cardiomyopathy are comparable with other aetiologies of cardiomyopathy.
Methods and results Using the Interagency Registry for Mechanically Assisted Circulatory Support (INTERMACS) from 2008
to 2017, we identified patients with anthracycline-induced cardiomyopathy who received a CF-LVAD and compared them with
those with idiopathic dilated (IDM) and ischaemic cardiomyopathies (ICM). Mortality was studied using the Cox proportional
hazards model. Other adverse events were evaluated using competing risk models. Overall, 248 anthracycline-induced cardio-
myopathy patients underwent CF-LVAD implantation, with a median survival of 48 months, an improvement compared with
those before 2012 [adjusted hazards ratio (aHR): 0.53; confidence interval (CI): 0.33–0.86]. At 12 months, 85.1% of
anthracycline-induced cardiomyopathy, 86.0% of IDM, and 80.2% of ICM patients were alive (anthracycline-induced cardiomy-
opathy vs. IDM: aHR: 1.12; CI: 0.88–1.43 and anthracycline-induced cardiomyopathy vs. ICM: aHR: 0.98; CI: 0.76–1.28).
Anthracycline-induced cardiomyopathy patients had a higher major bleeding risk compared with IDM patients (aHR: 1.23;
CI: 1.01–1.50), and a lower risk of stroke and prolonged respiratory support compared to ICM patients (aHR: 0.31 and 0.67
respectively; both P < 0.05). There was no difference in the risk of major infection, acute kidney injury, and venous
thromboembolism.
Conclusions After receiving a CF-LVAD, survival in patients with anthracycline-induced cardiomyopathy is similar to those
with ICM or IDM. Further research into differential secondary endpoints-related disparities is warranted.
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Introduction

Anthracyclines are a class of antineoplastic agents that
are the most common cause of chemotherapy-induced
cardiomyopathy. When used as a part of treatment regimens,

anthracyclines pose a dose-dependent risk of
cardiomyopathy.1 Left ventricular dysfunction and heart fail-
ure (HF) develop in about 10% of those who receive
anthracycline therapy, and 0.5–2.5% of these patients de-
velop end-stage systolic HF.2 In a landmark study by Felker
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et al., 3 anthracycline-induced cardiomyopathy patients had a
two to three times higher risk of mortality than those with
non-ischaemic cardiomyopathy. More recently, the 5 year
survival rate of anthracycline-induced cardiomyopathy has
significantly improved compared with that of non-ischaemic
cardiomyopathies at around 91%,4 which may be due to the
increasing use of goal-directed medical therapy (GDMT) for
systolic HF.5 However, the use of advanced HF therapies for
anthracycline-induced cardiomyopathy patients has been
limited. Historically, anthracycline-induced cardiomyopathy
patients were considered too high-risk for a heart transplant
or left ventricular assist device (LVAD) placement due to
concerns for cancer recurrence.3 Additionally, anthracycline--
induced cardiomyopathy patients were more prone to ad-
verse events like infection and overall poor survival.3

Notably, the prevalence of cancer survivors is expected to
increase to 20 million by 20266; thus, it stands to reason that
significantly more of these patients are likely going to require
advanced HF therapies. In a study using the Interagency
Registry for Mechanically Assisted Circulatory Support
(INTERMACS) spanning from 2006 to 2011 by Oliveira et al., 7

anthracycline-induced cardiomyopathy was associated with a
higher incidence of right ventricular failure when compared
with idiopathic dilated cardiomyopathy (IDM) undergoing
LVAD placement. The small sample size and the inclusion of
pulsatile flow LVADs limited this study’s application to cur-
rent practice.8 Additionally, GDMT use and its effect9 were
not quantified, and the small sample size did not allow for
subgroup analysis, thus missing disparities.

Given these limitations, contemporary analysis of the
INTERMACS registry spanning from 2008 to 2017 was con-
ducted. We hypothesize that outcomes following continuous-
flow LVAD implantation in those with anthracycline-induced
cardiomyopathy are comparable with other aetiologies of
cardiomyopathy.

Methods

Data source

We used INTERMACS, a prospective registry that includes
baseline and follow-up information on individuals who re-
ceive Food and Drug Administration approved LVADs in the
USA and Canada. We obtained the publicly available data
from the Biological Specimen and Data Repository Informa-
tion Coordinating Center. This study was approved by the
Yale University Institutional Review Board.

Study population and definitions

We included all ≥18 years old who received their first
continuous-flow LVAD from January 2008 to June 2017. To

evaluate a homogenous cohort of devices, we excluded pa-
tients who received non-continuous-flow types of devices
or those who concomitantly received right ventricular
support for right ventricular dysfunction or had more than
one listed predominant aetiology for cardiomyopathy. We
classified individuals based on their primary diagnosis into
three groups: anthracycline-induced cardiomyopathy, IDM,
and ICM. The dataset design is detailed in Figure 1.

Outcomes

The primary outcome of this study evaluated mortality rates
between anthracycline-induced cardiomyopathy, IDM, and
ICM. The secondary endpoints included infection, ischaemic
stroke, major bleeding, a requirement for prolonged respira-
tory support, acute kidney injury, venous thromboembolism,
and delayed right ventricular (RV) failure after implant,
which were defined using prior contemporary INTERMACS
analyses.10–16

Statistical analysis

Categorical variables were compared using the χ2 test and
described using frequency and percentage. Continuous
variables were compared using the Wilcoxon rank-sum test
and described using a median and interquartile range. To
compare survival probability by HF aetiology, we used
Kaplan–Meier survival estimates and log-rank test. We used
the unadjusted and adjusted Cox proportional hazards model
to evaluate each aetiology’s association with mortality. Con-
sistent with previous INTERMAC studies,9,16 our adjusted
models included early hazards of mortality identified by the
eighth annual INTERMACS report [age, sex, body mass index,
implantable cardioverter-defibrillator (ICD), INTERMACS pro-
file 1 or 2, albumin, dialysis, blood urea nitrogen, total biliru-
bin, history of cardiac surgery, and concomitant cardiac
surgery].15 Proportional hazards assumption was checked
and met in the primary analysis. The secondary outcomes
were analysed using adjusted Fine–Gray competing risk anal-
ysis accounting for competing risk of death, transplant, or ex-
plant, whichever happened first.

Pre-specified subgroup analyses were performed on the
male gender, female gender, white race, black race, Hispanic
ethnicity, and pre-transplant GDMT. Proportional hazards as-
sumption for all variables were checked and met in all sub-
groups except the black race, where the extended Cox
model was utilized for all outcomes. Pre-LVAD GDMT was di-
vided into triple therapy, dual therapy, monotherapy, and no
therapy groups. Triple therapy included a beta-blocker, either
an angiotensin receptor blocker/angiotensin-converting en-
zyme inhibitor and an aldosterone receptor antagonist
pre-LVAD placement. Dual therapy required any two, and
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monotherapy required any of these agents to be present in
the patient’s medication list.

Sensitivity analysis for primary and secondary endpoint
was performed using bridge-to-transplant (BTT) cohort, desti-
nation therapy (DT) cohort, and those who received continu-
ous flow LVAD’s before 2012 to simulate the time period of
Oliveira et al.7 analysis.

For all analyses, P < 0.05 was considered statistically
significant. All statistical analyses were performed in Stata
16.1 SE (StataCorp, College Station, TX) and SAS 9.4 (Cary, NC).

Results

From 2008 to 2017, we identified 248 patients with dilated
non-ischaemic cardiomyopathy due to anthracycline therapy
who had continuous flow LVADs implantation, as well as
5998 LVADs implanted in those with IDM and 1136 in those
with ICM.

Regarding patient demographics, anthracycline-induced
cardiomyopathy patients were much more likely to be
female (71.8%) compared with those with IDM (23.5%;
P < 0.001) and ICM (15.3%; P < 0.001). They were also less
likely to have chronic kidney disease (10.3%; both P < 0.001)
compared with those with IDM (18.7%) and ICM patients
(19.7%). Index hospitalization, co-morbidities, lab, haemody-
namic profile, and procedures by aetiology are listed
in Table 1. Based on therapy intent, anthracycline-induced
cardiomyopathy patients had lower use of LVAD for BTT
therapy (52.0%) compared with IDM (62.9%; P = 0.03). The

proportion of patients with NYHA class IV functional status
was similar across HF subtypes [anthracycline-induced car-
diomyopathy 80.6%, IDM 78.0%, and ICM 74.1%, cohorts
(all comparison P > 0.05)]. Considering those with
INTERMACS 1 profiles, the anthracycline-induced cardiomy-
opathy arm (14.9%) had a similar proportion of patients com-
pared with the IDM arm (13.4%, P = 0.26) and a lower
proportion of patients compared to the ICM arm (25.1%,
P < 0.001) of the study.

Mortality

At 12 months, 85.1% of anthracycline-induced cardiomyopa-
thy, 86.0% of IDM and 80.2% of ICM patients were alive
(Figure 2A, log-rank P-value <0.001). A total of 77 (31.1%)
anthracycline-induced cardiomyopathy patients died with a
median time to death of 12.0 months (Figure 2A), compared
with 1638 (27.3%) in IDM and 443 (39.0%) ICM arm during
the study period. The most common cause of death was a
neurological event among anthracycline-induced cardiomy-
opathy patients (N = 15, 19.5%).

The adjusted mortality risk for those with
anthracycline-induced cardiomyopathy was similar compared
to those with IDM [adjusted hazards ratio (aHR): 1.12; 95%
confidence interval (CI): 0.88–1.43] and ICM (aHR: 0.98; CI:
0.76–1.28). Similar mortality outcomes were noted in the
BTT subgroup across the three difference cardiomyopathy
types (Supporting Information, Figure S1A). However, there
was no difference in mortality between the three types of car-
diomyopathies in the DT subgroup (Supporting Information,

Figure 1 Consort diagram showing the derivation of final INTERMACS dataset.
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Figure S1B). Additionally, there was no difference in survival
observed in anthracycline-induced cardiomyopathy vs. IDM
in those who underwent continuous-flow LVAD placement be-
fore 2012 (aHR: 1.38; CI: 0.98–1.94; Supporting Information,
Figure S1C). There has been a reduction in mortality between
those implanted before 2012 and those after 2012 for

anthracycline-induced HF patients (aHR: 0.57; CI: 0.36–0.90;
Figure 2B).

In pre-specified subgroup analysis (Supporting
Information, Table S1), no survival difference was noted
between gender, race, or Hispanic ethnicity between
anthracycline-induced cardiomyopathy vs. either IDM or ICM.

Table 1 Baseline characteristics

Dilated, anthracycline Dilated, idiopathic P-value ICM P-value
N = 248 N = 5998 N = 1136

Age (years), median (IQR) 54 (44–63) 55 (45–64) 0.21 62 (55–68) <0.001
Female sex, n (%) 178 (71.8) 1407 (23.5) <0.001 174 (15.3) <0.001
White race, n (%) 158 (63.7) 3325 (55.4) 0.01 917 (80.7) <0.001
Hispanic ethnicity, n (%) 17 (6.9) 382 (6.4) 0.76 83 (7.3) 0.8
Body mass index (kg/m2), median (IQR) 25.2 (22.25–29.8) 28.3 (24.2–33.3) <0.001 27.7 (24.2–32.1) <0.001
BMI ≥ 30 kg/m2, n (%) 58 (23.4) 2463 (41.1) <0.001 404 (35.6) <0.001
Co-morbidities, n (%)

Previous cardiac surgery 27 (10.9) 761 (12.7) 0.4 541 (47.6) <0.001
Peripheral vascular disease 3 (1.2) 104 (1.8) 0.54 93 (8.4) <0.001
Atrial arrhythmia 23 (14.1) 957 (22.0) 0.017 145 (20.7) 0.056
Ischaemic heart disease 4 (1.6) 188 (3.1) 0.17 1136 (100.0) <0.001
Chronic lung disease 8 (3.3) 368 (6.2) 0.061 93 (8.3) 0.007
Pulmonary hypertension 39 (16.5) 1164 (19.9) 0.21 203 (18.7) 0.44
Current smoker 6 (2.5) 236 (4.0) 0.23 96 (8.6) 0.001
Chronic kidney disease 25 (10.3) 1109 (18.7) <0.001 220 (19.7) <0.001
Prior stroke 4 (1.7) 166 (2.8) 0.28 28 (2.5) 0.42

NYHA classification, n (%)
III 33 (13.3) 1025 (17.1) 0.47 179 (15.8) 0.23
IV 200 (80.6) 4676 (78.0) 842 (74.1)

INTERMACS profile, n (%)
1 37 (14.9) 802 (13.4) 0.26 285 (25.1) <0.001
2 104 (41.9) 2329 (38.8) 335 (29.5)
3 83 (33.5) 2037 (34.0) 336 (29.6)

Index hospitalization events prior
to implant, n (%)

ECMO 4 (1.6) 110 (1.8) 0.8 80 (7.0) 0.001
IABP 41 (16.5) 1147 (19.1) 0.31 228 (20.1) 0.2
Cardiac arrest 4 (1.6) 176 (2.9) 0.22 139 (12.2) <0.001
Dialysis 3 (1.2) 132 (2.2) 0.29 38 (3.3) 0.072
Major infection 17 (6.9) 306 (5.1) 0.22 102 (9.0) 0.28
Major myocardial infarction 0 (0.0) 17 (0.3) 0.4 175 (15.4) <0.001
Ultrafiltration 1 (0.4) 39 (0.7) 0.63 8 (0.7) 0.59
Inotrope support 221 (89.1) 5110 (85.2) 0.087 883 (77.7) <0.001

Device strategy, n (%)
Bridge to recovery 3 (1.2) 16 (0.3) 0.008 5 (0.4) 0.15
Bridge to transplant 139 (56.0) 3771 (62.9) 0.03 597 (52.6) 0.32
Destination therapy 105 (42.3) 2205 (36.8) 0.075 520 (45.8) 0.32

Laboratory values
Sodium (meq/L), median (IQR) 134 (132–137) 135 (132–138) 0.068 136 (133–138) <0.001
Potassium (meq/L), median (IQR) 4.1 (3.7–4.4) 4 (3.7–4.4) 0.64 4.1 (3.8–4.3) 0.81
Creatinine (mg/dL), median (IQR) 1.1 (.865–1.5) 1.29 (1–1.6) <0.001 1.26 (1–1.6) <0.001
BUN (mg/dL), median (IQR) 22 (15–32) 24 (17–35) 0.007 26.5 (19–37) <0.001
BNP (ng/L), median (IQR) 1180 (543–1857) 867.5 (413–1662) 0.032 843 (441.5–1495.5) 0.026
Bilirubin (mg/dL), median (IQR) 1 (.6–1.5) 1.1 (.7–1.7) 0.055 .9 (.6–1.5) 0.48
Platelet count (×103/μL), median (IQR) 201 (152–264.5) 190 (147–242) 0.028 179.5 (132–236) <0.001
INR, median (IQR) 1.2 (1.1–1.3) 1.2 (1.1–1.4) 0.002 1.2 (1.1–1.4) 0.026

Haemodynamic variables
SBP (mmHg), median (IQR) 101 (90–113) 103 (94–113) 0.044 104 (94–116) 0.008
DBP (mmHg), median (IQR) 64 (57–72) 65 (58–72) 0.15 64 (56–71) 0.7
CVP (mmHg), median (IQR) 11 (7–16) 10 (6–15) 0.21 10 (7–14) 0.3
PWP (mmHg), median (IQR) 24 (17–28) 25 (19–31) 0.01 24 (18–30) 0.12
CO (L/min), median (IQR) 3.5 (2.8–4.5) 4 (3.2–5) <0.001 4.3 (3.45–5.3) <0.001
LVEF, n (%)
20–29% 53 (22.5) 1091 (18.8) 0.15 357 (32.7) 0.002
<20% 164 (69.5) 4314 (74.5) 590 (54.1)
Unknown 7 (3.0) 240 (4.2) 50 (4.5)

ICM, ischaemic cardiomyopathy.
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When only anthracycline-induced cardiomyopathy pa-
tients are considered (Table 2), there is improved overall
mortality noted in those with GDMT compared with no
pre-LVAD GDMT (aHR: 0.44; CI: 0.19–0.99). In a sensitivity
analysis, the survival benefit remains significant in the BTT
arm (aHR: 0.39; CI: 0.17–0.93) and the DT arm (aHR: 0.44;
CI: 0.19–0.99). Specific comparisons between the number of
GDMT medications (one, two, or three drugs or no drug ther-
apy) was not significant. There was no difference in survival
between genders or among various races and ethnicity
(Table 2) in the entire anthracycline-induced cardiomyopathy
cohort as well as the BTT and DT sensitivity analysis.

First infection

Overall, 130 (52.4%) anthracycline-induced cardiomyopathy
patients had an infection during the follow-up period with

a median time to event of 7.6 months. There was no differ-
ence in risk of infection among anthracycline-induced cardio-
myopathy patients when compared with IDM (aHR: 1.10; CI:
0.91–1.34) or ICM (aHR: 1.03; CI: 0.84–1.28) patients when ac-
counting for competing risks (Figure 3A). Additionally, there
was no difference in infection risk among the HF subtypes in
the pre-specified subgroup analysis by gender, race, ethnicity,
and GDMT use (Supporting Information, Table S2), as well as
among the HF subtypes in the sensitivity analysis arms of
BTT, DT, or those who received LVADs before 2012.

Ischaemic stroke

Among anthracycline-induced cardiomyopathy patients, 11
(4.4%) had an ischaemic stroke event during the follow-up
period, with the median time to event of 2.2 months. There
was no difference in the risk of ischaemic stroke among

Figure 2 (A) Kaplan–Meier curves showing survival among those with anthracycline induced cardiomyopathy, dilated idiopathic cardiomyopathy, and
ischaemic cardiomyopathy. (B) Kaplan–Meier curves showing survival among those with anthracycline induced cardiomyopathy implanted before 2012
and after 2012. aHR, adjusted hazards ratio; ICM, ischaemic cardiomyopathy.

Table 2 Adjusted hazards ratio of specific subgroups of only those with left ventricular assist device placement due to anthracycline
induced cardiomyopathy from 2008 to 2017

Variable

All LVADS BTT Destination therapy

Adjusted hazards
ratio P-value

Adjusted hazards
ratio P-value

Adjusted hazards
ratio P-value

Female vs. male gender 0.92 (0.55–1.55) 0.76 1.35 (0.54–3.40) 0.53 0.59 (0.28–1.27) 0.18
Race 0.67 0.70 0.31
Black vs. White 0.86 (0.53–1.40) 0.71 (0.29–1.76) 1.71 (0.76–3.83)
Other vs. White 0.68 (0.24–1.89) 0.59 (0.08–4.52) 0.69 (0.19–2.45)
Hispanic vs. non-Hispanic 1.59 (0.62–4.08) 0.34 6.72 (1.34–33.73) 0.02 1.11 (0.29–4.33) 0.88
Neurohormonal blocker any
vs. none prior to LVAD

0.54 (0.33–0.91) 0.02 0.39 (0.17–0.93) 0.03 0.44 (0.19–0.99) 0.047

3 drug vs. none 0.65 (0.30–1.37) 0.26 0.50 (0.14–1.87) 0.07 0.53 (0.17–1.63) 0.27
2 drug vs. none 0.55 (0.30–1.01) 0.053 0.38 (0.14–1.87) 0.30 0.46 (0.17–1.21) 0.11
1 drug vs. none 0.49 (0.25–0.95) 0.04 0.36 (0.11–1.12) 0.08 0.39 (0.15–0.99) 0.048

Adjusted models included early hazards of mortality identified by the eighth annual INTERMACS report.15

BTT, bridge to transplant; LVAD, left ventricular assist device.
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anthracycline-induced cardiomyopathy patients when
compared with IDM (aHR: 0.57; CI: 0.29–1.11); however,
the risk was lower when compared with ICM (aHR: 0.31;
CI: 0.15–0.62) patients when accounting for competing risks
(Figure 3B).

There was no difference in stroke risk among
anthracycline-induced cardiomyopathy vs. IDM groups in the
pre-specified subgroup analysis by gender, race, ethnicity,
and GDMT use, as well as the three groups in the sensitivity
analysis arms of BTT, DT, and those receiving LVADs before
2012 (Supporting Information, Table S2). The stroke risk
among anthracycline-induced cardiomyopathy vs. ICM was
lower in subgroups of the female gender, both races, and
GDMT use, as well as sensitivity analysis considering BTT and
DT (P < 0.05). However, there was no difference in stroke risk
between anthracycline-induced cardiomyopathy and ICM in
the subgroups of male gender and Hispanic ethnicity, as well
as in the sensitivity analysis that considered LVADs placed
before 2012.

Major bleeding

Major bleeding was relatively more common (N = 121; 48.8%)
in those with anthracycline-induced cardiomyopathy during
the follow-up with a median time to event of 2.7 months.
There was an increased risk of major bleeding among
anthracycline-induced cardiomyopathy patients when com-
pared with IDM (aHR: 1.23; CI: 1.01–1.50) but no difference
compared with ICM (aHR: 1.05; CI: 0.84–1.30) patients when
accounting for competing risks (Figure 4A).

Bleeding risk among anthracycline-induced cardiomyopa-
thy vs. ICM groups was similar in the pre-specified subgroups
(Supporting Information, Table S2). However, the bleeding
hazard among anthracycline-induced cardiomyopathy vs.

IDM was higher in the white race subgroup (aHR: 1.49; CI:
1.16–1.90) with no difference in either gender, black race,
Hispanic ethnicity, or GDMT use subgroups. Similarly, there
was no difference in bleeding risk noted among the three
HF subtypes in the sensitivity analysis arms.

Requirement for prolonged respiratory support

Fewer anthracycline-induced cardiomyopathy patients
(17.7%) required prolonged respiratory support (Figure 4B),
compared with 19.4% IDM and 25.4% ICM patients,
respectively. There was no difference in the hazard of the
requirement of prolonged respiratory support among
anthracycline-induced cardiomyopathy patients when com-
pared with IDM (aHR: 0.87; CI: 0.63–1.20). All the subgroup
analyses reflected this finding (Supporting Information, Table
S2). However, anthracycline-induced cardiomyopathy pa-
tients had a lower hazard of respiratory support requirement
than ICM (aHR: 0.67; CI: 0.47–0.94) patients when account-
ing for competing risks. This finding prevailed in females
and white race subgroups (Supporting Information, Table
S2). However, no such association was noted in the male,
black race, Hispanic ethnicity, or GDMT use subgroups. Sim-
ilarly, there was no difference in respiratory support noted
among the three heart failure subtypes in the sensitivity
analysis arms of BTT, DT, and those getting LVADs before
2012.

Acute kidney injury

Overall, 32 (12.9%) anthracycline-induced cardiomyopathy
patients had acute kidney injury (AKI) during the follow-up
period with a median time to event of 3.4 months. There

Figure 3 Cumulative incidence function curve using Fine–Grey competing risk model comparing hazards of first infection (A) and ischaemic stroke (B)
in anthracycline induced cardiomyopathy, dilated idiopathic cardiomyopathy, and ischaemic cardiomyopathy accounting for competing risk of death.
aHR, adjusted hazards ratio; ICM, ischaemic cardiomyopathy.
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was a similar risk of acute kidney injury among
anthracycline-induced cardiomyopathy patients when com-
pared with IDM (aHR: 1.15; CI: 0.78–1.68) and ICM (aHR:
0.92; CI: 0.61–1.39) patients when accounting for competing
risks (Figure 5A). Further, there were no differences in either
gender, either race, Hispanic ethnicity, or GDMT use sub-
groups, as well as among the three HF subtypes in the sensi-
tivity analysis arms of BTT, DT, and those getting LVADs
before 2012 (Supporting Information, Table S2).

Venous thromboembolism

There were significantly fewer venous thromboembolism
(VTE) events (anthracycline-induced cardiomyopathy: 8

(3.2%), IDM: 209 (3.5%), and ICM: 32 (2.8%), Figure 5B).
There was no difference in the hazard of venous thromboem-
bolism among anthracycline-induced cardiomyopathy pa-
tients when compared with IDM (aHR: 0.96; CI: 0.46–1.99)
or ICM (aHR: 1.35; CI: 0.60–3.06) patients when accounting
for competing risks. No subgroup or sensitivity analysis was
performed due to low event rates and no difference among
HF subtypes.

Delayed right ventricular failure

Right ventricular failure was seen very early following LVAD
implantation in all arms. Only five anthracycline-induced car-
diomyopathy patients (1.6%) required RV support (RVS) in

Figure 5 Cumulative incidence function curve using Fine–Grey competing risk model comparing hazards of acute kidney injury (A) and venous throm-
boembolism (B) in anthracycline induced cardiomyopathy, dilated idiopathic cardiomyopathy, and ischaemic cardiomyopathy accounting for compet-
ing risk of death. aHR, adjusted hazards ratio; ICM, ischaemic cardiomyopathy.

Figure 4 Cumulative incidence function curve using Fine–Grey competing risk model comparing hazards of major bleeding (A) and a requirement for
prolonged respiratory support (B) in anthracycline induced cardiomyopathy, dilated idiopathic cardiomyopathy, and ischaemic cardiomyopathy ac-
counting for competing risk of death. aHR, adjusted hazards ratio; ICM, ischaemic cardiomyopathy.
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the first week, compared with 103 (1.2%) IDM and 27 (2.0%)
ICM patients. There was no difference in the hazard of RVS
among anthracycline-induced cardiomyopathy patients
when compared with IDM (aHR: 0.94; CI: 0.37–2.37) or
ICM (aHR: 0.71; CI: 0.26–1.98) patients when accounting
for competing risks. There was no difference in RVS among
the three groups in the pre-specified subgroup analysis
by gender, race, or GDMT use. Similarly, there was no
difference in risk noted among the three groups in the
sensitivity analysis arms of BTT, DT, and those getting LVADs
before 2012.

Discussion

This study, performed using the contemporary INTERMACS
dataset from 2008 to 2017 to evaluate outcomes in
anthracycline-induced cardiomyopathy patients who
underwent continuous-flow LVAD placement, showed an
overall improvement in survival rate over the study period,
now comparable with the rates of ICM and IDM. Not sur-
prisingly, patients with anthracycline-induced cardiomyopa-
thy who received GDMT before LVAD placement had
improved overall survival rates compared with those not
receiving medical therapy, which we will discuss further.
Besides, we found no difference in the risk of several
commonly associated LVAD complications, including first
infection, AKI, VTE, and dilated RV dysfunction, in
anthracycline-induced cardiomyopathy patients relative to
both control groups. Of note, anthracycline-induced cardio-
myopathy patients did have a lower risk of ischaemic stroke
and prolonged respiratory support use compared with
those with ICM but increased risk of major bleeding
compared with those with IDM. Given these findings, with
an increasing number of cancer survivors with HF, the
improved survival rates found in this study are profound
and support the equitable use of LVADs in patients with
anthracycline-induced cardiomyopathy.

Over the past decade, HF survival has been improving due
to the wide acceptance and compliance with GDMT. Our
study, conducted over 10 years, found an excellent survival
rate of about 70%, with a median survival of 48.4 months, in
a homogenous population of anthracycline-induced cardio-
myopathy patients undergoing continuous-flow LVAD implan-
tation. To our knowledge, this is the first study assessing
continuous-flow LVADs in the anthracycline-induced cardio-
myopathy population in the contemporary era. The current
body of literature on anthracycline-induced cardiomyopathy
patients with LVADs is relatively sparse, and most studies
cite only small numbers of LVAD implementations. Two
single-centre studies4,17 found similar survival rates between
their anthracycline-induced cardiomyopathy and IDM popula-
tions. In the largest study comparing anthracycline-induced

cardiomyopathy patients who underwent mechanical
circulatory support implantation, Oliveira et al.7 utilized the
INTERMACS database to evaluate 75 patients with a
heterogeneous mixture of MCS devices, including pulsatile
flow LVADs, continuous flow LVADs, right ventricular assist
devices, and biventricular assist devices. The authors found a
survival rate of about 76% and, contrary to this study, did
not a priori exclude RV dysfunction, which highlights a crucial
pathophysiological issue with the anthracycline-induced car-
diomyopathy population. Even though Oliveira et al. found a
higher survival rate, the authors did not report the
median survival rate, which is a more robust epidemiological
marker.

In this study, we also sought to evaluate survival among
a subset of demographics, including gender, race, and
ethnicity, and there was no difference in mortality across
the three cardiomyopathy types. The only subgroup in
which a mortality benefit was noted was the use of any
pre-transplant GDMT in anthracycline-induced cardiomyop-
athy patients. Our previous study using the INTERMACS
dataset showed a reduction in mortality with GDMT use
regardless of the cardiomyopathy type, and these findings
persisted in the anthracycline-induced cardiomyopathy
population.9 Multiple prior studies have demonstrated
that the effect of GDMT for primary and secondary HF
prevention in those receiving anthracycline has shown
equivocal to modest benefit.18–22 The present research
indicates that GDMT use in patients with anthracycline-
induced cardiomyopathy is beneficial. It also points
towards the increasing awareness of cardio-oncology as
a specialty, organization of cardio-oncology services,
and special care for patients with anthracycline-induced
cardiomyopathy.23,24

It is well established that the post-LVAD implantation
period is associated with specific acute and chronic
complications.15 Given the improving survival of
anthracycline-induced cardiomyopathy patients, it is critical
to better understand these unique populations’ complica-
tions better, as they likely have quite different underlying
pathophysiology compared with the other HF subtypes.
Our study found a higher risk of bleeding in the
anthracycline-induced cardiomyopathy arm relative to
the IDM arm, corroborated by the Olivera et al.7 study.
In the present study, the increased bleeding prevailed
only in the white patient subgroup when considering all the
subgroup analyses. It has been speculated that the bleeding
risk is due to a lower level of protein S25 or chemother-
apy-induced bone marrow suppression compounded with
the known bleeding risk associated with LVADs.12 Finally,
exposure to thoracic radiation therapy for cancer treatment
may have potentially contributed to this bleeding risk; how-
ever, this association has not been noted in those undergo-
ing coronary artery bypass grafting with prior mediastinal
radiation.26
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Also, this study found a lower risk of ischaemic stroke in
anthracycline-induced cardiomyopathy patients relative to
ICM patients. This effect persisted in women, both races,
DT and BTT arms. Perhaps the lower risk of ischaemic stroke
is because ICM patients have a higher risk of diffuse vasculop-
athy, yet the impact of anthracycline use and its downstream
effects on ischaemic stroke still requires further mechanistic
exploration and validation. In a multivariable analysis,
Acharya et al.10 also found a higher risk of stroke in patients
with LVADs who had a primary diagnosis of ICM compared
with other cardiomyopathies (P = 0.04). This suggests that it
is likely that ICM has a higher likelihood of post-CF-LVAD
stroke rather than lower hazards of stroke with
anthracycline-induced cardiomyopathy.

This study found a lower risk of prolonged respiratory sup-
port in those with anthracycline-induced cardiomyopathy
than ICM. In a study by Miller et al., 16 prolonged respiratory
support was a sign of an overall sicker patient, essentially
represented by the ICM cohort.

For the remainder of the commonly associated
complications, there was no difference in hazard of the first
infection, AKI, and VTE development within the three sub-
types of cardiomyopathy studied, including the subgroup
and sensitivity analyses. This lack of difference represents a
general improvement in outcomes with a contemporary
practice pattern in all patients undergoing CF-LVAD
implantation. This improvement includes similar patterns of
use of anticoagulation post-CF-LVAD placement despite the
aetiology of HF.

In addition to the fact that it is a retrospective analysis, our
study has several limitations due to the data available in the
INTERMACS dataset. No reliable data on the type or stage of
cancer or if other concomitant chemotherapies or cancer
treatments were included in the INTERMACS. Conceptually,
as noted above, one would expect anthracycline-induced car-
diomyopathy patients to have different outcomes than IDM
patients due to underlying genetic predispositions compared
with ICM patients, who may have differential ischaemic risk
factors. Thus, the most pragmatic approach was to compare
anthracycline-induced cardiomyopathy patients to the large
cohorts of IDM and ICM patients undergoing LVAD implanta-
tion. Additionally, INTERMACS does not provide information
regarding the duration of heart failure and remoteness of
anthracycline exposure to the patient. Also, INTERMACS does
not contain data concerning medication dosage, compliance,
or the reason for medication initiation or discontinuation,
and less GDMT might be an indicator of more advanced HF.
Sensitivity analyses were limited by a lack of site-level data,
which prevented us from adjusting for differences in prescrib-
ing patterns and outcomes unique to the various LVAD
centres. INTERMACS registry only includes patients that
received a durable device, and there is a possibility that
patients who did not survive implantation surgery may have
been excluded.

Conclusions

Survival rates are similar in anthracycline-induced cardiomy-
opathy, ICM, and IDM patients who have undergone
continuous-flow LVAD placement in the contemporary era.
There is a survival benefit in anthracycline-induced cardiomy-
opathy patients who receive GDMT before LVAD. These find-
ings are essential, given an increase in cancer survivors with
HF. Further research into bleeding, prolonged respiratory
support, and stroke-related disparities is warranted.
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CCM = anthracycline induced cardiomyopathy,
aHR = adjusted hazards ratio, IDM = idiopathic dilated cardio-
myopathy, ICM = ischemic cardiomyopathy.
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