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ABSTRACT

BACKGROUND Adriamycin-associated cardiomyopathy (ACM) can lead to end-stage heart failure requiring advanced
heart failure therapies.

OBJECTIVES This study sought to provide post-cardiac transplant survival data in patients with ACM in the contem-
porary era of mechanical circulatory support and cardiac transplantation.

METHODS Adults (=18 years of age) who underwent first-time, single-organ heart transplantation were identified from
the United Network for Organ Sharing between October 18, 2008, and October 18, 2018. Cardiomyopathy subtypes that
could have been supported with a left ventricular assist device (LVAD) including ACM, dilated cardiomyopathy (DCM),
and ischemic cardiomyopathy (ICM) were included. A multivariable Cox regression analysis was performed to determine
the association between cardiomyopathy subtype and post-cardiac transplant survival.

RESULTS This analysis included 18,270 patients (357 with ACM; 10,662 with DCM; and 7,251 with ICM). Heart transplant
recipients with ACM were younger, included more women, and had higher pulmonary vascular resistance at the time of
listing. Patients with ACM had a lower percentage of durable LVADs at the time of transplant across all years of the study
period. Patients with ACM did not experience an increase in post-cardiac transplant mortality compared to those with
DCM (adjusted hazard ratio: 0.96; 95% confidence interval: 0.79 to 1.40; p = 0.764) or ICM (adjusted hazard ratio: 0.85;
95% confidence interval: 0.6 to 1.2; p = 0.304).

CONCLUSIONS Patients with ACM who received heart transplants between 2008 and 2018 had similar post-cardiac
transplant survival to those with dilated and ischemic cardiomyopathy. Bridge-to-transplant LVAD use remains lower
compared to other cardiomyopathy subtypes. (J Am Coll Cardiol CardioOnc 2021;3:294-301) © 2021 The Authors.
Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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driamycin-associated cardiomyopathy (ACM)

is a significant cause of morbidity and mor-

tality in cancer survivors and can lead to
end-stage heart failure (1). Because many of these pa-
tients are young and otherwise healthy, cardiac trans-
plantation can be considered after a period of cancer-
free survival. The last published analyses that
assessed outcomes of patients with ACM who under-
went cardiac transplantation were from 2012 and
2013, and they demonstrated reassuringly similar
post-transplant survival compared to other cardiomy-
opathy subgroups (2,3). However, a subsequent Inter-
agency Registry of Mechanically Assisted Circulatory
Support INTERMACS) study from 2014 demonstrated
higher rates of right ventricular failure after left ven-
tricular assist device (LVAD) implantation in the pa-
tients with ACM (4). It is possible these data
influenced the subsequent bridge-to transplant
LVAD utilization in patients with ACM.

Since these publications, the numbers of cancer
survivors have increased (5), more patients with
ACM have undergone cardiac transplantation in the
United States, and the field of mechanical support
has evolved. Using the United Network for Organ
Sharing (UNOS) registry, we investigated the associ-
ation between ACM and survival after cardiac
transplantation in the contemporary era of contin-
uous flow LVADs. We describe the percentage of
patients with ACM who were supported on LVAD at
the time of transplant and how this has changed
over the last 10 years. We also examined the differ-
ences in the primary causes of death after heart
transplantation in those with ACM as compared with
dilated cardiomyopathy (DCM) and ischemic cardio-
myopathy (ICM). We hypothesized that patients with
ACM would have similar post-cardiac transplant
survival compared to the other cardiomyopathy
subtypes. In addition, we hypothesized that bridge-
to-transplant LVAD use in the patients with ACM
would be less than other cardiomyopathy subtypes
during the study period.

METHODS

COHORT. The UNOS registry contains no patient
identifiers and is publicly available. For this reason,
our UNOS work has been granted an exception by the
University of Minnesota Institutional Review Board.
To find the era within UNOS that included only
contemporary, continuous flow LVAD devices, the
device type file was sorted to determine the time-
point in which older-generation (noncontinuous
flow) devices were no longer identified in the data-
base (2010). The study period was then limited to a
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10-year span between October 18, 2008, and
October 18, 2018, when UNOS listing criteria
changed. The analysis was limited to adults
who were =18 years of age at listing and
undergoing a first-time cardiac, single-organ
transplantation. Patients with physiology
that could be supported with an LVAD,
including DCM, ICM, and the study group
(ACM), were included in the analysis. We
excluded UNOS patients with a previous
heart transplant, congenital heart disease,
restrictive cardiomyopathy, hypertrophic
cardiomyopathy, or valvular heart disease.
UNOS patients with biventricular assist de-
vices, right ventricular assist devices, or total
artificial hearts at the time of cardiac trans-
plant were also excluded.

device

PRIMARY EXPOSURE AND OUTCOME. The primary
outcome was time to all-cause mortality after cardiac
transplantation. Time was modeled from the date of
cardiac transplantation to the date of last follow-up or
death. All patients with follow-up times after trans-
plant of >5 years were censored at 5 years. The date of
last follow-up for the study population was June 6,
2019. Patients were divided into groups based on
primary cardiomyopathy subtype (ACM, ICM, or
DCM), which was considered the primary exposure
variable. Patients were classified as having ACM if the
thoracic diagnosis variable was coded as “dilated
myopathy: Adriamycin.”

STATISTICAL  ANALYSIS. Normally  distributed
continuous data are presented as mean and SD. Non-
normally distributed data are presented as median
(interquartile range [IQR]). Categorical variables are
presented as number and percentage. Baseline char-
acteristics among patient groups (ACM, DCM, and
ICM) were compared with 1-way analysis of variance
for normally distributed variables or the Kruskal-
Wallis test for non-normally distributed variables.
Chi-square tests were used to compare categorical
variables. To assess the unadjusted association be-
tween Adriamycin cardiomyopathy and post-
transplant mortality, a Kaplan-Meier analysis was
performed. Survival between the cardiomyopathy
subtypes was compared with log-rank tests (ACM vs.
ICM, ACM vs. DCM) with Bonferroni correction.
Because the ACM and DCM survival curves crossed at
2.5 years, log-rank tests were repeated before and
after the 2.5-year mark for this comparison. Survival
probabilities at 30 days, 1 year, 3 years, and 5 years
after transplant by cardiomyopathy subtype were
calculated, accounting for censoring at the last
follow-up visit.

CI = confidence interval

HR = hazard ratio

ICM = ischemic
cardiomyopathy

IGR = interquartile range

OR = odds ratio
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ABBREVIATIONS
AND ACRONYMS

ACM = adriamycin-associated
cardiomyopathy

DCM = dilated cardiomyopathy

LVAD = left ventricular assist

UNOS = United Network for
Organ Sharing
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TABLE 1 Baseline Characteristics of Patients Receiving Transplants Between 2008 and
2018 by Cardiomyopathy Subtype
ACM DCM (o]
(n = 357) (n =10,662) (n =7,251) p Value

Age at listing, yrs 51 +13 50 +13 59+ 8 <0.001
Male 84 (24) 7,425 (70) 6,294 (87) <0.001
White 242 (68) 6,104 (57) 5,555 (77) <0.001
Diabetes 70 (20) 2,276 (21) 2,537 (35) <0.001
Creatinine, mg/dl 1.16 £ 0.59 1.23 + 0.61 1.29 £ 0.53 <0.001
Body mass index, kg/m? 253+ 4.6 274 +5.0 27.7 + 45 <0.001
PVR, WU 3.0+19 2.56 +1.86 242 £1.69 <0.001
Ischemic time, h 32+10 3.09 +1.03 3.16 £ 1.05 <0.001
Female donor to male recipient 23 (6) 1,302 (12) 1,270 (18) <0.001
LVAD at transplant 124 (35) 5,014 (47) 3,332 (46) <0.001
LVAD at listing 85 (24) 3,076 (29) 2,274 (31) <0.001
Induction immunosuppression 175 (49.0) 5276 (49.5) 3490 (48.1) 0.206
Temporary mechanical support 38 (11) 1,050 (10) 699 (10) 0.771
Total bilirubin, mg/dl 0.7 (0.5-1.1) 0.7 (0.5-1.1) 0.7 (0.5-1.0) <0.001*
Values are mean + SD, n (%), or median (interquartile range). Categorical variables were compared with chi-
square tests. Continuous variables were compared with 1-way analysis of variance for normally distributed
variables or the Kruskal-Wallis test for non-normally distributed variables. *Kruskal-Wallis test.

ACM = adriamycin-associated cardiomyopathy; DCM = dilated cardiomyopathy; ICM = ischemic cardiomy-
opathy; LVAD = left ventricular assist device; PVR = pulmonary vascular resistance.

To determine the adjusted association between
ACM and post-transplant mortality, a multivariable
Cox regression analysis was performed. The following
pre-specified potential confounders of the relation-
ship between ACM and post-transplant mortality
were included in the model: recipient age, sex, race,
initial UNOS status, pulmonary vascular resistance,
female donor to male recipient, ischemic time, prior
cardiothoracic surgery, and diabetes. The propor-
tional hazards assumption was validated by visually
inspecting scaled Schoenfeld residuals for each vari-
able. Linearity assumptions were validated by visu-
ally inspecting plots of continuous covariates against
martingale residuals of the null Cox proportional
hazards model. The analysis was then repeated,
limited to only patients who did not have an LVAD at
the time of transplant. Lastly, a sensitivity analysis
was performed excluding patients in the ICM and
DCM subgroups with a history of cancer. The purpose
of these additional analyses was to ensure the
robustness of the results excluding LVAD patients
and to prevent confounding by cancer in comparing
the ACM group to others.

The percentage of patients with each cardiomyop-
athy type who were bridged with LVADs at the time of
transplant was graphically displayed by year for vi-
sual comparison. To evaluate the time trend and as-
sociation with cardiomyopathy type, a logistic
regression model adjusted for time, cardiomyopathy
type, and the interaction between time and
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cardiomyopathy type was performed. Causes of death
at the 30-day, 1-year, 3-year, and 5-year timepoints by
cardiomyopathy type were also plotted for visual
comparison. All comparisons were 2-sided, and a p
value of <0.05 was considered to be statistically sig-
nificant. Analyses were performed using R, version
4.0.2 (R Core Team, Vienna, Austria).

RESULTS

BASELINE CHARACTERISTICS. The study cohort
included 18,270 patients who underwent cardiac
transplantation between October 18, 2008, and
October 18, 2018 (ACM: 357; DCM: 10,662; ICM: 7,251).
The median follow-up for the groups was as follows:
ACM: 1,126 days (IQR: 424 to 2,190 days), DCM:
1,100 days (IQR: 387 to 2,153 days), and ICM:
1,283 days (IQR: 401 to 2,201 days). Baseline charac-
teristics by cardiomyopathy subtype are presented in
Table 1. As compared to the ICM group, patients with
ACM were younger, more likely to be female, and less
likely to be diabetic and had lower body mass in-
dexes. They were less likely to have an LVAD at
listing and at the time of transplant, although they
had a similar degree of temporary support at the time
of transplant. Patients with ACM had higher pulmo-
nary vascular resistance and slightly longer ischemic
times, and they were less likely to have a male
recipient with a female donor. The percentage of pa-
tients in each cardiomyopathy subtype group
receiving induction immunosuppression was similar.

CANCER HISTORY. In the ACM group, breast cancer
and hematologic malignancies were the most com-
mon, accounting for 44% and 25% of all malignancies,
respectively. Nineteen percent were coded as having
“other cancers”; 1% had skin, genitourinary, and liver
cancer; and in 11%, the cancer type was unknown.
Cancer history was noted in 6.7% of patients in the
DCM group and 6.9% of the ICM group.

UTILIZATION OF LVADs AND HEART TRANSPLANTATION.
In 2008, 24% of patients with DCM or ICM had an
LVAD at the time of transplant. By 2018, 50% of pa-
tients with ICM or DCM had an LVAD at the time of
transplant. The odds of LVAD at the time of trans-
plant increased significantly over the study period
(odds ratio [OR]: 1.11; 95% confidence interval [CI]:
1.02 to 1.20; p = 0.0112) (Figure 1). Furthermore, there
were significant differences in the odds of having an
LVAD at time of transplant between the ACM and
DCM groups (OR: 1.91; 95% CI: 1.16 to 3.20; p = 0.012)
and between the ACM and ICM groups (OR: 1.80; 95%
CI: 1.09 to 3.03; p = 0.023). The rate of increase in
LVAD use,

however, was not different across
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FIGURE 1 Percentage of Patients Supported With an LVAD at the Time of Cardiac Transplantation
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The use of left ventricular assist devices (LVADs) in patients with adriamycin-associated cardiomyopathy was less compared to the dilated and ischemic cardiomyopathy
groups, despite an increase in the utilization of bridge-to-transplant LVADs in all groups.

cardiomyopathy subtypes, and there was no interac-
tion between time and cardiomyopathy subtype on
the odds of LVAD use.

SURVIVAL. Short-term and long-term survival post-
heart transplant were similar in the ACM, DCM, and
ICM groups (Central Illustration), without statisti-
cally significant differences (ACM vs. DCM:
p = 1.00; ACM vs. ICM: p = 0.470 by Bonferroni-
corrected log-rank tests). The comparisons between
ACM and DCM did not differ before or after the 2.5-
year time period. In the multivariable analysis, pa-
tients with ACM did not experience an increase in
post-cardiac transplant mortality compared to those
with DCM (adjusted hazard ratio [HR]: 0.96; 95% CI:
0.79 to 1.40; p = 0.764) or ICM (adjusted HR: 0.85;
95% CI: 0.60 to 1.20; p = 0.304). HRs for all
multivariable covariates are displayed in Table 2.
When limiting the multivariable analysis to patients
who did not have an LVAD at the time of trans-
plant, ACM was not associated with increased post-
transplant mortality (ACM vs. DCM: adjusted HR:
1.08; 95% CI: 0.80 to 1.50; p = 0.651; ACM vs. ICM:
adjusted HR: 0.97; 95% CI: 0.70 to 1.40; p = 0.884).
In sensitivity analysis excluding patients who had
prior cancer history in the DCM (6.7%) and ICM

groups (6.9%), ACM was not associated with statis-
tically increased post-transplant mortality (ACM vs.
DCM: adjusted HR: 1.04; 95% CI: 0.78 to 1.40;
p = 0.775; ACM vs. ICM: adjusted HR: 1.15; 95% CI:
0.85 to 1.55; p = 0.369).

CAUSE OF DEATH. The percentage of deaths by
cause at each timepoint (30 days, 1 year, 3 years,
and 5 years) within each cardiomyopathy subgroup
is visually displayed in Figure 2. Of the deaths that
occurred by 30 days, the ACM group had a higher
percentage that were cardiovascular (ACM: 30.8%;
DCM: 12.7%; ICM: 13.4%) and stroke related (ACM:
23.1%; DCM: 8.7%; ICM: 7.0%). At the 1-year, 3-
year, and 5-year timepoints, death from graft fail-
ure was higher in the DCM and ICM groups. For
example, at year 3, the cause of death was graft
failure for 18% of DCM, 12% of ICM, and 2.2% of
ACM recipients.

DISCUSSION

Here, we present an analysis of outcomes of patients
with ACM who underwent heart transplant in the
contemporary era of heart transplant and mechanical
circulatory support. Patients with ACM were younger,
predominantly women, and had higher pulmonary
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Cardiomyopathy Subtype

CENTRAL ILLUSTRATION Kaplan-Meier Survival After Cardiac Transplantation by
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Short-term and long-term survival post-heart transplant were similar in the adriamycin-associated cardiomyopathy, dilated cardiomyopathy,
and ischemic cardiomyopathy groups. Log-rank p values: adriamycin-associated cardiomyopathy vs. dilated cardiomyopathy: p = 1.00;
Adriamycin-associated cardiomyopathy vs. ischemic cardiomyopathy: p = 0.470.

vascular resistance than those in the DCM and ICM
groups. Patients with ACM were less likely to have an
LVAD at the time of cardiac transplant, despite a
general increase in bridging LVADs in the 10-year
period among all groups. The survival of patients
with ACM after transplant was similar to that of those
with DCM and ICM (HRs very close to 1.00) and with p
values that did not reach statistical significance in
both the unadjusted and adjusted analyses. Our re-
sults show that the overall outcomes of patients with
ACM who receive heart transplant were similar to the
other groups.

These findings are consistent with the previous
International Society of Heart and Lung Trans-
plantation registry report by Oliveira et al. (2)

published in 2012. This analysis spanned from 2000 to
2008, included 232 patients with chemotherapy
induced cardiomyopathy, and found no statically
significant increase in post-transplant mortality in
the ACM group (2). Post-transplant malignancy was
slightly higher in the ACM group; however, this was
driven by skin cancers and not recurrence of the pri-
mary malignancy. Post-transplant malignancy deaths
at 5 years were similar among patient groups in our
analysis. Our report is also similar to the UNOS anal-
ysis of 453 patients with ACM who received cardiac
transplants between 1987 and 2011 published by
Lenneman et al. (3), where no difference in post-
transplant survival was found after up to 10 years of
follow-up.
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In our analysis, patients with ACM were less often
. . ) . TABLE 2 Multivariable Associations Between Cardiomyopathy Subtype and
treated with a bridge to transplantation with LVAD, Post-Cardiac Transplant Survival
despite an overall increase in LVAD use during the
. . 95% CI
study period. This may be related to the INTERMACS %
registry study, published in 2014, showing that pa- Hazard Ratio Lower Upper p Value
tients with ACM who underwent destination therapy ACM Reference
LVADs were more likely to need right ventricular peu 103 078 140 0764
y & ICM 117 0.87 158 0304
i i 0, 0, 0, i .
assist devices (19% vs. 11% vs. 6%, respectively; Recipient age, per year 1.00 100 100 0740
p = 0.006) as compared to patients with other causes Male 0.92 084 101 0.092
of DCM or ICM (4). White race 0.83 076 0.90 <0.001
Our study adds to previous published reports by Female to male donor 114 1.02 127 0.017
demonstrating the safety of heart transplantation in Status 1A Reference
patients with ACM in the contemporary era of | >ttus1B QEL QD 03 O
. . . Status 2 1.04 093 116 0.484
advanced heart failure therapies. In addition, we s :
d 1 f brid 1 Prior cardiothoracic surgery 1.28 118 139 <0.001
emonsnate. a lower use O o gejto-transP ant Ischemic time per hour m 1.07 115 <0.001
LVADs despite the general increase in LVAD use e e 118 109 129 <0.001
during that period. Not surprisingly, patients in the Pulmonary vascular resistance per 1 WU 1.02 1.00 104 0.074
ACM group had higher pulmonary vascular resistance LVAD at transplant 116 1.07 126 <0.001
at listing, which may be related to less LVAD use in
. . . Hazard ratios are per 1-U change for continuous variables.
this group' We pOStulate. that this may also explaln Cl = confidence interval; other abbreviations as in Table 1.
the signal of higher cardiovascular deaths at 30 days

observed in the ACM group.

Continued study of the ACM population who survivors who experience cardiac toxicity is

require advanced therapies will be important (6).
Despite enhanced knowledge of the mechanism of
Adriamycin-associated cardiac toxicity and enhanced
tools and protocols for early detection, the number of

increasing (7). In some datasets, patients with ACM
have been shown to have worse outcomes compared
to those with other causes of cardiomyopathy (8)
and, thus, may be more likely to need consideration

FIGURE 2 Causes of Death After Cardiac Transplant at Each Timepoint After Transplant by Cardiomyopathy Subtype
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The causes of death in the adriamycin-associated cardiomyopathy, dilated cardiomyopathy, and ischemic cardiomyopathy groups are displayed.
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for advanced heart failure therapies (9). In a more
contemporary analysis, similar outcomes were
observed between patients with ACM compared to a
matched DCM population (10). It may be that earlier
recognition or contemporary guideline-directed
medical therapy explains some of this improvement
in outcomes. Some of the questions that remain
include the following: Do patients with ACM exhibit
more right ventricular failure after LVAD with the
most contemporary continuous flow pump? Is there a
certain LV cavity size that predicts right ventricular
failure after LVAD? Should post-transplant immuno-
suppression be altered in patients with ACM?
Because detailed information about patients’ cancers
cannot be obtained from UNOS and because cancer
diagnoses and treatment plans are increasingly
tailored, datasets that capture this level of granu-
larity are needed to inform decision making around
the safety of proceeding with transplantation and
immunosuppression.

STUDY LIMITATIONS. Details about patients’ prior
cancer history are not obtainable from UNOS. For
example, time from initial cancer diagnosis and his-
tory of radiation therapy do not exist in UNOS, but
these are important additions to the dataset for future
analyses. The ACM group may have higher rates of
late cancer that we did not detect, given the 5-year
follow-up in this analysis. It is likely that the patients
with ACM were in a durable remission before cardiac
transplantation, and our findings may not be gener-
alizable to patients who are more recently treated and
who develop this complication. Lastly, given the high
number of competing causes of death after transplant
as well as the relatively small number of patients in
the ACM group, we were not able to perform a
competing risk analysis to specifically assess cancer-
specific death as a separate outcome.

CONCLUSIONS

Patients with ACM who received heart trans-
plantation between 2008 and 2018 had similar post-
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transplant survival to those with DCM and ICM.
Bridge-to-transplant LVAD use remains lower than
for other cardiomyopathy subtypes.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: The
present study demonstrated that heart transplanta-
tion, in the contemporary era of advanced heart fail-
ure therapies, is safe in patients with end-stage heart
failure due to ACM. Survival was similar compared to
those with DCM and ICM. Patients with ACM received
fewer bridge-to-transplant LVADs despite an overall
increase in LVAD use during the study period.

TRANSLATIONAL OUTLOOK: Further studies are
needed to evaluate the impact of conventional and
newer cancer therapies on outcomes of patients with
end-stage heart failure. In addition, understanding the
risk of right ventricular failure with newer-generation
LVADs in this patient population is important.
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