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BACKGROUND Post-transplant cyclophosphamide (PT-Cy) has become a standard of care in haploidentical hemato-
poietic stem cell transplantation (HSCT) to reduce the risk of graft-versus-host disease. However, data on cardiac events
associated with PT-Cy are scarce.

OBJECTIVES This study sought to assess the incidence and clinical features of cardiac events associated with PT-Cy.

METHODS The study compared clinical outcomes between patients who received PT-Cy (n = 136) and patients who did
not (n = 195), with a focus on early cardiac events (ECE) occurring within the first 100 days after HSCT. All patients had
the same systematic cardiac monitoring.

RESULTS The cumulative incidence of ECE was 19% in the PT-Cy group and 6% in the no-PT-Cy group (p < 0.001). The
main ECE occurring after PT-Cy were left ventricular systolic dysfunction (13%), acute pulmonary edema (7%), pericarditis
(4%), arrhythmia (3%), and acute coronary syndrome (2%). Cardiovascular risk factors were not associated with ECE. In
multivariable analysis, the use of PT-Cy was associated with ECE (hazard ratio: 2.7; 95% confidence interval: 1.4 to 4.9;

p = 0.002]. Older age, sequential conditioning regimen, and Cy exposure before HSCT were also associated with a higher
incidence of ECE. Finally, a history of cardiac events before HSCT and ECE had a detrimental impact on overall survival.

CONCLUSIONS PT-Cy is associated with a higher incidence of ECE occurring within the first 100 days after HSCT.
Patients who have a cardiac event after HSCT have lower overall survival. These results may help to improve the
selection of patients who are eligible to undergo HSCT with PT-Cy, especially older adult patients and patients with
previous exposure to Cy. (J Am Coll Cardiol CardioOnc 2021;3:250-9) © 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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cell-replete haploidentical (haplo) hemato-

poietic stem cell transplantation (HSCT) has

become feasible with the use of post-
transplant cyclophosphamide (PT-Cy) (1). Haplo
HSCT allows for the quick identification of an avail-
able donor for the majority of patients. With the use
of PT-Cy, the incidence of graft-versus-host disease
(GVHD) is not increased, and survival outcomes are
not inferior in patients with haplo transplants when
compared with patients with transplants from a
matched-unrelated donor or umbilical cord blood do-
nors (2-9). For these reasons, PT-Cy is now widely
used in the haplo setting (10). PT-Cy has also been
applied in other settings, including human leukocyte
antigen (HLA)-identical sibling, matched-unrelated,
and mismatched unrelated donor HSCT (11-14). In
the last setting, it may provide better outcomes
compared with antithymocyte globulin (15). Howev-
er, PT-Cy is associated with toxicities and organ dam-
age, and the related risk factors, clinical
manifestations, and incidence of early cardiac events
(ECE) are still poorly understood.

Cardiac events may occur early after HSCT or in the
long term, mainly as a result of sepsis or chemo-
therapy toxicity. Cardiovascular diseases (CVDs) after
HSCT include cardiomyopathy, heart failure, valvular
dysfunction, arrhythmia, pericarditis, and coronary
artery disease (16). The CVD cumulative incidence is
5% to 10% at 10 years after HSCT, thus accounting for
2% to 11% of mortality among long-term survivors.
The incidence of CVD and its associated mortality is
1.4- to 3.5-fold higher in transplant recipients
compared with the general population (17-20).

Cy-induced acute cardiotoxicity, in particular,
typically develops within 10 days after first adminis-
tration of the drug. Manifestations may range
from endothelial injury, arrhythmias, and heart fail-
ure to lethal myopericarditis. The minimum dose to
induce cardiotoxicity is not known, although there
are a few reports of Cy toxicity at <100 mg/kg. The
exact mechanisms of Cy toxicity also remain unclear.
Cy may induce endothelial damage followed by
extravasation of toxic metabolites, which over-
produce reactive oxygen species, cause oxidative
stress, and induce myocardial damage and edema
(21-23).

In a large cohort study, including 811 patients un-
dergoing HSCT and receiving a total dose of Cy
>100 mg/kg before HSCT as a conditioning regimen,
Cy-induced cardiac failure developed in 12 (1.5%)
patients (16). Other studies have reported a Cy-
induced cardiac toxicity rate of up to 17%, depend-
ing on the conditioning regimen and the patients
studied (24-27). However, data on ECE when Cy is
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used after HSCT are scarce. Thus, we
compared clinical outcomes of patients who
received PT-Cy with clinical outcomes of pa-
tients who did not.

METHODS

PATIENT SELECTION. We report a single-
center (Saint Antoine Hospital, AP-HP, Paris,
France) retrospective cohort study including
all consecutive patients =15 years of age who
underwent allogeneic HSCT for hematologic
malignant disease from January 2013 to June
2018. Patients receiving unrelated cord blood
were excluded. All patients provided written
informed consent for the use of their data for
clinical research, in accordance with the
modified Declaration of Helsinki and the local
Ethical Committee.

EARLY CARDIAC EVENT DEFINITION AND
MONITORING. Cardiac events were defined

ABBREVIATIONS
AND ACRONYMS

CI = confidence interval
CVD = cardiovascular disease

CVRF = cardiovascular risk
factor

Cy = cyclophosphamide
ECE = early cardiac events

GRFS = graft-versus-host
disease-free, relapse-free
survival

GVHD = graft-versus-host
disease

HR = hazard ratio

HSCT = hematopoietic stem
cell transplantation

LVEF = left ventricular
ejection fraction

LVSD = left ventricular systolic
dysfunction

PT-Cy = post-transplant
cyclophosphamide

as 1 of the following: left ventricular systolic
dysfunction (LVSD), defined as a decrease in the left
ventricular ejection fraction (LVEF) of >10 percentage
points, to a value <53% (28); acute pulmonary edema;
arrhythmia; pericarditis; or acute coronary syndrome.
ECE were defined as cardiac events occurring within
3 months after HSCT.

All patients had the same systematic cardiac
monitoring: transthoracic echocardiography and an
electrocardiogram were performed before the start of
the conditioning regimen and at day 90 after HSCT.
Echocardiography was also performed in patients
with dyspnea or peripheral edema, as clinically indi-
cated. An electrocardiogram was performed after
HSCT in all patients with tachycardia or an irregular
heartbeat.

TRANSPLANTATION PROCEDURES. PT-Cy  was
administrated to all patients undergoing hap-
loidentical HSCT. Patients who underwent HSCT af-
ter March 2014 with a matched-unrelated or HLA-
identical sibling donor also received PT-Cy in case
of HLA-mismatch, renal insufficiency, or inclusion in
a clinical trial. The dose of PT-Cy was adjusted ac-
cording to the stem cell source. Bone marrow re-
cipients were scheduled to receive 1 dose of PT-Cy
(50 mg/kg/day) at day 3. Peripheral blood stem cell
recipients were given 2 doses of PT-Cy at days
3 and 5.

Myeloablative conditioning regimens consisted of
fludarabine in combination with busulfan or thiotepa
in combination with busulfan and fludarabine
with a busulfan dose =9.6 mg/kg, except for 2
patients who received busulfan in combination with
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TABLE 1 Patient and Donor Characteristics at Transplantation

No PT-Cy PT-Cy
(n =195) (n =136) p Value
Recipient age, yrs 56 [16-76] 53 [15-76] 01
Male/female 14 (58)/81 (42) 86 (63)/50 (37) 0.38
Diagnosis 0.040
Acute myeloid leukemia 83 (43) 70 (51)
Acute lymphoblastic leukemia 32 (16) 17 (13)
Lymphoma 21 (11) 23 (17)
Multiple myeloma 4 (2) 4 (3)
Myelodysplastic syndrome 22 (11) 13 (10)
Myeloproliferative neoplasm 33 (17) 9 (7)
Disease status at transplantation 0.31
Complete remission 95 (49) 74 (54)
Active or progressive disease or 100 (51) 62 (46)
partial response
Disease risk index 0.007
Low and intermediate 151 (77) 87 (64)
High and very-high 44 (23) 49 (36)
Karnofsky index =80% 27 (14) 25 (18) 0.26
Comorbidity index =3 54 (28) 27 (20) 0.25
Cardiovascular risk factors
None 31 (16) 24 (18) 0.67
Male >50 yrs of age or 110 (56) 62 (46) 0.05
female >60 yrs of age
Obesity 32 (16) 12 (9) 0.045
Hypertension 30 (15) 22 (16) 0.73
Dyslipidemia 23 (12) 7 (5) 0.038
Smoking* 55 (28) 37 (27) 0.84
Diabetes 17 (9) 8 (6) 0.34

Continued on the next page

cyclophosphamide (Cy) in 2013. Reduced-intensity
conditioning consisted of fludarabine in combina-
tion with busulfan or thiotepa in combination with
busulfan and fludarabine with a busulfan
dose <9.6 mg/kg, or patients underwent total body
irradiation-based regimens. Sequential conditioning
regimens were thiotepa based, clofarabine based, or
amsacrine based, as previously published (9,29,30).

SUPPORTIVE CARE. All patients received 2 to 3 1/day
of fluid hyperhydration during the conditioning
regimen. PT-Cy administration was associated with 2
to 3 1/day of fluid hyperhydration and mesna to pre-
vent uroepithelial damage. Infections and hepatic
veno-occlusive disease were managed as previously
described (9,31,32).

STATISTICAL ANALYSIS. Continuous variables were
recorded as median with 25th and 75th percentiles
(Q1, Q3) or ranges and were compared using the
Mann-Whitney U test. Categorical qualitative vari-
ables were recorded as frequency and percentage and
were compared using the chi-square test or the Fisher
exact test where appropriate. Overall survival was
defined as the time from transplantation to death
from any cause; disease-free survival was defined as
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the time from transplantation to relapse or progres-
sion or death from any cause, whichever came first;
GVHD-free, relapse-free survival (GRFS) was defined
as being alive without grade III to IV acute GVHD,
severe chronic GVHD, or disease relapse (33); and
nonrelapse mortality was defined as death without
evidence of relapse. GVHD was diagnosed and graded
according to standard criteria (34,35). The disease risk
index (36) and the comorbidity index (37) were
defined as previously published. The following car-
diovascular risk factors (CVRFs) occurring at the start
of the conditioning regimen were considered in the
analyses: male sex (vs. female), age >50 years or age
of female patient >60 years (vs. less than), obesity
(body mass index =30 kg/m? vs. less than), hyper-
tension, diabetes, dyslipidemia, and smoking status
(regular smoker, occasional smoker, or former smoker
vs. never smoker). History of CVD and previous
exposure to anthracyclines and Cy were also consid-
ered as covariates.

Cumulative incidence was used to estimate the
endpoints of ECE, GVHD, relapse, and nonrelapse
mortality to accommodate competing risks. To study
ECE and GVHD, we considered relapse and death to
be competing events. Probabilities of overall survival,
disease-free survival, and GRFS were calculated using
the Kaplan-Meier method. Competing risk analyses
were performed using Gray’s test for cumulative
incidence functions and the log-rank test to compare
survival between the 2 groups. All variables differing
between the 2 groups and having a significance level
of p < 0.10 in the univariable analysis were first
entered into a multivariable Cox regression model
(38), and then a backward stepwise selection was
performed using p < 0.05 and keeping PT-Cy in the
model. To analyze the impact of ECE on overall sur-
vival, ECE were included in the Cox model as a time-
dependent variable, and a landmark analysis was
performed on day 100 after allogenic HSCT. Results
were expressed as the hazard ratio (HR) with a 95%
confidence interval (CI). All tests were 2-sided. The
type I error rate was fixed at 0.05 for the determina-
tion of factors associated with time-to-event out-
comes. Statistical analyses were performed with SPSS
software version 24.0 (IBM Corp., Armonk, New York)
and R software version 3.4.0 (R Foundation for Sta-
tistical Computing, Vienna, Austria).

RESULTS

PATIENT, DISEASE, AND TRANSPLANT CHARAC-
TERISTICS. Patient and disease characteristics are
summarized in Table 1. The median age was 55 years
(range 15 to 76 years), and 60% of patients were male.
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Before transplantation, 276 (83%) patients had at
least 1 CVRF, 72 (22%) had a history of CVD, and 31
(9%) had LVSD. The disease risk index was high or
very high in 93 (28%) patients. Donors were HLA-
identical siblings (n = 89; 27%), unrelated (n = 124;
37%), or haploidentical (n = 118; 36%). A total of 136
patients received PT-Cy, and 195 did not. In the PT-Cy
group, 33 patients received PT-Cy at 50 mg/kg/day for
1 day, and 103 patients received PT-Cy at 50 mg/kg/
day for 2 days. PT-Cy was also administrated to 13
patients with unrelated donors and 6 patients with
HLA-identical sibling donors, according to our center
policy. One patient undergoing haplo HSCT did not
receive PT-Cy because of severe cardiac failure
occurring on day 1 after transplantation.

There was no significant difference between the
PT-Cy and the no-PT-Cy groups in terms of age,
Karnofsky index, comorbidity index, history of a
cardiac event, number of CVRFs, and disease status at
transplantation. In the PT-Cy group, the disease risk
index was higher (p = 0.007), sequential conditioning
was administrated more frequently (p < 0.001), and
the incidences of obesity (p = 0.046) and dyslipide-
mia (p = 0.038) were lower than in the no-PT-Cy
group.

EARLY CARDIAC EVENTS. ECE occurred in 45 pa-
tients with a median time of 17 days after trans-
plantation (range 1 to 90 days). The cumulative
incidence of ECE was 19% in the PT-Cy group
compared with 6% in the no-PT-Cy group (p = 0.001).
The incidence of ECE was 14% and 26% in patients
receiving a PT-Cy total dose of 50 mg/kg and 100 mg/
kg, respectively (a nonsignificant difference). When
PT-Cy was administrated to patients with HLA-
identical sibling or unrelated donors, the incidence
of ECE was 11%. The main complication was LVSD
(13% of patients in the PT-Cy group and 2% in the no-
PT-Cy group; p < 0.001). Acute pulmonary edema
occurred in 7% of patients (n = 9) in the PT-Cy group
and 2% (n = 4) in the no-PT-Cy group (p = 0.036). In 7
patients, there was a concomitant decrease in the
LVEF >10% (compared with the pre-transplant LVEF)
to a value <53%. In 5 patients (3 patients in the PT-Cy
group and 2 patients in the no-PT-Cy group) acute
pulmonary edema occurred with preserved LVEF. In 1
patient with known underlying cardiac dysfunction,
the LVEF was not measured when acute pulmonary
edema occurred. Other ECE included arrhythmia
(n = 12; 3%), pericarditis (n = 7; 4%), and acute cor-
onary syndrome (n = 3; 2%), with no significant dif-
ference between the 2 groups (Table 2).

CVRFs were not significantly associated with the
incidence of ECE (Table 3). No ECE occurred in

Duléry et al. 253
Post-Transplant Cyclophosphamide Cardiotoxicity

TABLE 1 Continued
No PT-Cy PT-Cy
(n =195) (n =136) p Value

Cardiac event before HSCT 45 (23) 27 (20) 0.48
Left ventricular systolic dysfunction 21 (11) 10 (7) 0.30
Exposure to Cy before HSCT 34 (17) 32 (24) 0.17
Cumulative Cy dose before HSCT, mg/kg

Median [Q1-Q3] 97.5[59.5-128]  134.4 [87.1--172.5] 0.030

Missing data 4(2) 4(2)
Exposure to anthracyclines before HSCT 113 (68) 108 (79) 0.024
Cumulative anthracyclines dose before 0.028

HSCT, mg/m?

Median [Q1-Q3] 38.7 [0-63.6] 38.7 [22.5-64.5]

Missing data 5@3) 32
Previous autologous HSCT 16 (8) 16 (12) 0.28
Previous allogeneic HSCT 4(2) 16 (12) <0.001
Donor <0.001

HLA-identical sibling 83 (42.5) 6 (4)

Matched-unrelated 1 (57) 13 (10)

Haploidentical 1(0.5) 117 (86)
Conditioning regimen <0.001

Myeloablative 99 (51) 32 (23.5)

Reduced intensity 39 (20) 46 (34)

Sequential 57 (29) 58 (42.5)
Graft source <0.001

Peripheral blood stem cell 192 (98) 111 (82)

Bone marrow 32 25 (18)
ATG 194 (99.5) 118 (87) < 0.001
PT-Cy

1 day 0 (0) 33 (24)

2 days 0 (0) 103 (76)
Values are median [range or Q1-Q3, 25th and 75th percentile] or n (%) unless otherwise indicated. *Smoking was
defined as ever regular smoker, occasional smoker, or ex-smoker, and it was compared with never smoker.

ATG = antithymocyte globulin; Cy = cyclophosphamide; HLA = human leukocyte antigen;
HSCT = hematopoietic stem cell transplantation; PT-Cy = post-transplant cyclophosphamide.

patients receiving tyrosine kinase inhibitors before
transplantation (n = 31), and the cumulative doses of
anthracycline had no significant impact on the inci-
dence of ECE. Patients treated by Cy before HSCT had
a higher incidence of ECE (24%) compared with those
who were never exposed to Cy (8%; p = 0.004). In

TABLE 2 Cumulative Incidences of Cardiac Events Within 100 Days After Transplantation

No PT-Cy PT-Cy
n(%) % (95% Cl) n(%) % (95% Cl) p Value
Left ventricular systolic dysfunction 6 (2.1) 2.1 (0.7-4.9) 20 (14.3) (8.3-19.8) 0.001
Acute pulmonary edema 4(21) 21(0.7-49) 9(6.7) (3.3-11.8) 0.036
Arrhythmia 731 3103-63) 5(@3.0) 1-7.1) 0.95
Pericarditis 2(0.5) 0.5(0-2.7) 5(3.8) (1.4-8.1) 0.09
Acute coronary syndrome 1(0.5) 0.5(0-2.7) 2 (1.5) (0.3-4.8) 0.36

Cumulative incidence was used to estimate all early cardiac events, with relapse and death being the competing
events.

Cl = confidence interval; PT-Cy = post-transplant cyclophosphamide.
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TABLE 3 Univariable Analysis of Factors Associated With Early
Cardiac Events
% (95% CI) p Value
PT-Cy 0.001
No 6 (3.4-10.1)
Yes 19 (13.0-26.1)
Recipient age 0.15
Age < median 10 (5.8-14.8)
Age > median 13 (8.6-18.9)
Recipient sex 0.82
Male 12 (7.5-16.4)
Female 12 (6.7-17.6)
Disease risk index 0.019
Low and intermediate 8 (5.0-11.9)
High and very-high 20 (12.9-29.2)
Disease status at transplant 0.020
No complete remission 16 (10.9-21.9)
Complete remission 7 (3.6-11.4)
Cy exposure before HSCT 0.004
No Cy before HSCT 8 (5.4-12.0)
Cy before HSCT 24 (14.7-35.1)
Cy cumulative dose before HSCT 0.19
< median (108.4 mg/kg) 16 (5.8-31.2)
= median (108.4 mg/kg) 31 (16.1-47.6)
Anthracycline cumulative dose 0.08
< median (38.7 mg/m?) 14 (8.5-19.8)
> median (38.7 mg/m?) 10 (6.1-14.7)
Karnofsky index 0.33
=80 15 (7.1-26.5)
>80 1 (7.5-14.7)
Comorbidity index 0.058
0 10 (5.5-16.3)
Tor2 8 (4.4-13.9)
=3 19 (10.9-27.7)
Previous allogeneic HSCT 0.24
No 12 (8.6-15.8)
Yes 5(0.3-21.1)
Male >50 or female >60 yrs old 0.13
No 9 (5.5-14.6)
Yes 13 (8.8-18.9)
Obesity 0.99
No 12 (8.4-15.9)
Yes 9 (2.9-19.9)
Hypertension 0.32
No 13 (9.0-16.7)
Yes 6 (1.5-14.5)
Smoking* 0.85
No 12 (8.4-16.6)
Yes 10 (4.8-16.9)
Diabetes 0.77
No 12 (8.5-15.7)
Yes 8 (1.3-22.9)

Continued in the next column

multivariable analysis, factors significantly associ-
ated with ECE were the use of PT-Cy (HR: 2.7; 95% CI:
1.4 t0 4.9; p = 0.002), Cy exposure before HSCT (HR:
2.7; 95% CI: 1.5 to 5.0; p = 0.002), a sequential

TABLE 3 Continued
% (95% CI) p Value

Dyslipidemia 0.61
No 12 (8.6-15.9)

Yes 7 (1.1-19.5)

LVSD before HSCT 0.27
No 1 (7.5-14.5)

Yes 19 (7.7-34.9)

Cardiac event before HSCT 0.07
No 10 (6.4-13.6)

Yes 18 (10.2-27.8)

Donor 0.001
HLA-identical sibling 6 (2.1-11.8)
Matched-unrelated 7 (3.0-11.7)

Haploidentical 21 (14.3-29)

Conditioning regimen 0.001
Reduced intensity 12 (6.0-19.6)

Myeloablative 3 (1.0-7.1)
Sequential 21 (14-28.7)

Cumulative incidence was used to estimate early cardiac events, relapse and death

being the competing events. *Smoking was defined as ever regular smoker, oc-

casional smoker, or ex-smoker, and it was compared with never smoker.
LVSD = left ventricular systolic dysfunction; other abbreviations as in Tables 1

and 2.

conditioning regimen (HR: 2.6; 95% CI: 1.5 to 4.8;
p = 0.001), and older age (HR: 1.4; 95% CI: 1.1 to 1.7;
p = 0.007). These findings were confirmed in sensi-
tivity analyses excluding patients with a history of
CVD and LVSD before transplantation or patients with
previous HSCT (Table 4). An increased but nonsig-
nificant risk of ECE was observed with respect to pre-
transplantation history of cardiac event and comor-
bidity index = 3.

GRAFT-VERSUS-HOST DISEASE. At day 100, the cu-
mulative incidence of grade II to IV and grade III to IV
acute GVHD was 22% and 7% in the PT-Cy group
compared with 33% and 12% in the no-PT-Cy group,
respectively (p = 0.042 for grade II to IV GVHD and
p = 0.140 for grade III to IV GVHD) (Table 5). At 2
years, the cumulative incidence of chronic GVHD in
the PT-Cy and in the no-PT-Cy group was 25% and
34%, respectively (p = 0.090). Moderate to severe
chronic GVHD occurred in 40 (12%) patients with no
difference between the 2 groups. In multivariable
analysis, the use of PT-Cy was associated with a lower
risk of acute grade II to IV GVHD (HR: 0.60; 95% CI:
0.40 to 0.97; p = 0.037). PT-Cy had no significant
impact on chronic GVHD (Table 4).

SURVIVAL OUTCOMES. After a median follow-up of
36.5 months (Q1 to Q3, 32 to 40 months), there were
no significant difference in cumulative incidence be-
tween the 2 groups with respect to nonrelapse mor-
tality, relapse, overall survival, disease-free survival
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and GRFS (Table 5). At last-follow-up, 136 patients
had died. The main causes of death were disease
relapse (n = 60), infection (n = 43), GVHD (n = 20),
ECE (n = 7), veno-occlusive disease (n = 2), and
miscellaneous causes (n = 4). Univariable analyses
are displayed in Table 3 and in Supplemental Table 1.
In multivariable analysis, a history of a pre-transplant
cardiac event was significantly associated with higher
nonrelapse mortality (HR: 2.0; 95% CI: 1.2 to 3.2;
p = 0.008) and poorer overall survival (HR: 1.8; 95%
CI: 1.3t0 2.7; p = 0.002) and disease-free survival (HR:
1.9; 95% CI: 1.4 to 2.8; p < 0.001). Other significant
results in multivariable analysis are presented
in Table 4.

ECE resolved in 34 patients (76%). Normalization
of LVEF with resolution of signs and symptoms was
observed at a median time of 110 days (range 9 to
799 days) in 14 of 23 patients (61%) who experienced
LVSD. However, segmental left ventricular motion
abnormalities persisted in the majority of patients. At
day 90 after HSCT, none of the patients who experi-
enced LVSD had fully normal findings on trans-
thoracic echocardiography. The disease risk index
was higher and the Karnofsky index was lower in
patients who did not recover from ECE compared
with patients who did (p = 0.033 and p = 0.003,
respectively). ECE had a significant impact on overall
survival (HR: 2.7; 95% CI: 1.8 to 4.2; p < 0.0001). The
11 patients who did not recover from the ECE died.
The 2-year overall survival was 31% (95% CI: 17% to
48%) in patients who had ECE compared with 64%
(95% CI: 68% to 69%) in the absence of ECE
(p = 0.001). The main causes of death in patients with
ECE were the following: disease relapse (n = 5),
infection (n = 14), GVHD (n = 2), ECE (n = 4), veno-
occlusive disease (n = 2), and hemorrhagic shock
(n =1). Fifteen patients with ECE died before day 100,
including 3 deaths directly related to a cardiac event.
In patients surviving at least 100 days after trans-
plantation, the 2-year overall survival was 47% (95%
CI: 25% to 69%) in patients with previous ECE (n = 30)
compared with 72% (95% CI: 66% to 78%) in the
absence of ECE (n = 253) (p = 0.046) (Central
Illustration).

DISCUSSION

This is the first report on cardiac toxicity associated
with PT-Cy. The major finding of this study is that the
incidence of ECE was significantly higher in patients
who received PT-Cy compared with patients who did
not. Although the signs of ECE resolved after appro-
priate treatment in the majority of patients, those
with previous ECE had a lower 2-year overall survival
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TABLE 4 Multivariable Analysis Associated With Early Cardiac Events, Relapse
Incidence, and Survival
HR (95% CI) p Value
Early cardiac event
PT-Cy (yes vs. no) 2.65 (1.44-4.90) 0.002
Age (per 10 yrs) 1.37 (1.09-1.73) 0.007
Sequential conditioning (vs. other) 2.62 (1.45-4.75) 0.001
Cy exposure before HSCT (yes vs. no) 2.69 (1.45-5.00) 0.002
Relapse incidence
PT-Cy (yes vs. no) 1.09 (0.68-1.73) 0.73
DRI (high or very-high vs. low-intermediate) 2.47 (1.56-3.91) <0.001
Cardiac event before HSCT (yes vs. no) 1.85 (1.12-3.07) 0.017
Disease-free survival
PT-Cy (yes vs. no) 1.15 (0.84-1.59) 0.38
DRI (high or very-high vs. low-intermediate) 1.97 (1.33-2.90) 0.001
Sequential conditioning (vs. other) 1.74 (1.18-2.55) 0.005
Cardiac event before HSCT (yes vs. no) 1.94 (1.37--2.75) <0.001
Cy exposure before HSCT (yes vs. no) 1.77 (1.24-2.53) 0.002
Nonrelapse mortality
PT-Cy (yes vs. no) 1.48 (0.94-2.33) 0.09
DRI (high/very-high vs. low-intermediate) 2.07 (1.21-3.55) 0.008
Sequential conditioning (vs. other) 1.86 (1.10-3.15) 0.02
Cardiac event before HSCT (yes vs. no) 1.96 (1.20-3.20) 0.008
Cy exposure before HSCT (yes vs. no) 2.22 (1.33-3.70) 0.002
Anthracycline (cumulative dose > median) 0.99 (0.98-0.99) 0.002
Overall survival
PT-Cy (yes vs. no) 1.19 (0.79-1.58) 0.52
DRI (high or very-high vs. low-intermediate) 2.26 (1.56-3.28) <0.001
Disease status (CR vs. no CR) 0.46 (0.31-0.69) <0.001
Cardiac event before HSCT (yes vs. no) 1.83 (1.26-2.65) 0.002
Cy exposure before HSCT (yes vs. no) 2.04 (1.40-2.98) <0.001
GRFS
PT-Cy (yes vs. no) 1.02 (0.76-1.38) 0.88
DRI (high or very-high vs. low-intermediate) 2.34 (1.73-3.17) <0.001
Cardiac event before HSCT (yes vs. no) 1.40 (1.00-1.96) 0.05
Acute grade II-IV GVHD
PT-Cy (yes vs. no) 0.61 (0.39-0.97) 0.037
Age (per 10 years) 0.90 (0.79-1.05) 0.18
Chronic GVHD
PT-Cy (yes vs. no) 1.01 (0.64-1.58) 0.98
Myeloablative conditioning (vs. other) 1.70 (1.10-2.63) 0.016
Cy exposure before HSCT (yes vs. no) 0.50 (0.25-0.99) 0.046
All variables differing between the 2 groups and having a significance level of p < 0.10 in the univariable
analysis were first entered into a multivariable Cox regression model, considering relapse and death as
competing events. Then, a backward stepwise selection was performed using p < 0.05 and keeping PT-Cy in
the model.
CR = complete remission; DRI = disease risk index; GVHD = graft-versus-host disease; GRFS = graft-versus-
host disease-free, relapse-free survival; HR = hazard ratio; other abbreviations as in Tables 1 and 2.

compared with patients who did not have any cardiac

event.

Our results on patients who did not receive PT-Cy

are in line with

those of published

reports

(16,17,24-26). In the largest cohort study of HSCT re-
cipients receiving Cy in the conditioning regimen,
none of those patients who were treated with a total
Cy dose of 100 mg/kg had fatal Cy-induced car-
diotoxicity (16). In our study, Cy total doses were
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2-yr GRFS

TABLE 5 Clinical Outcomes According to Post-Transplant Cyclophosphamide
No PT-Cy PT-Cy

% (95% CI) % (95% CI) p Value

Acute GVHD II-IV 33 (26.1-39.6) 22 (15.1-30.2) 0.042

Acute GVHD IlI-IV

2-yr chronic GVHD

2-yr extensive chronic GVHD
2-yr relapse incidence

2-yr nonrelapse mortality
2-yr disease-free survival
2-yr overall survival

Median follow-up, months [Q1-Q3]

12 (8.2-17.6)
34 (26.8-40.5)
15 (10.4-20.7)
20 (14.9-26.5)
21 (15.7-27.4)
58 (50.8-65.1)
63 (55.3-69.4)
46 (38.7-53.2)

41 [27-51]

7 (3.6-13) 0.14
25 (17.7-33.4) 0.09
10 (5.2-15.7) 0.15
23 (16.2-30.9) 0.67
28 (20.6-36) 0
49 (39.7-57.1) 0.06
56 (47-64.5) 0.15
41 (32.5-50) 0.45

25 [15-43] 0.002

Cumulative incidence was used to estimate GVHD, relapse, and nonrelapse mortality to accom-
modate competing risks. To study GVHD, relapse and death were considered to be competing
events. Probabilities of overall survival, disease-free survival, and GRFS were calculated using the
Kaplan-Meier method.

Abbreviations as in Tables 1, 2, and 4.

100 mg/kg or less, and cardiac toxicity was the direct
cause of death in 7 (2%) patients. Thus, the timing of
administration of Cy and/or the haplo setting seemed
to increase the cardiac toxicity induced by Cy. In
terms of physiopathology, the dramatic immunologic
changes occurring after the graft infusion may play a
causative role. Indeed, PT-Cy prevents GVHD by
inducing alloreactive T cell dysfunction and sup-
pression (39). Cytokine release syndrome, noninfec-
tious fevers, and viral or bacterial infections are more
frequent when PT-Cy is administrated, especially
when peripheral blood stem cells are used (40,41).
Those immunologic events may hypothetically
induce myocardial damage and contribute to the
increased cardiotoxicity associated with PT-Cy.

PRE-TRANSPLANT CVRFs WERE NOT ASSOCIATED
WITH ECE. The impact of CVRFs before HSCT on
post-transplantation outcomes is poorly assessed in
published reports. In this study, neither the type of
CVRF nor the cumulative number of CVRFs was
associated with ECE. However, in univariable anal-
ysis, hypertension was associated with a lower overall
survival, disease-free survival, and GRFS; diabetes
was associated with higher nonrelapse mortality and
lower overall survival; and dyslipidemia levels were
associated with lower overall survival and disease-
free survival. The cumulative number of CVRFs had
no significant impact on
therapeutics-related cardiac dysfunction was first
recognized in the 1960s with the use of anthracy-
clines. Physicians have since learned to limit the cu-
mulative doses of these agents to avoid cardiac
dysfunction. Interestingly, the cumulative doses of
anthracyclines administrated before transplantation

survival. Cancer
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were not associated with a higher risk ECE or death in
our study. However, this is the first study showing
that exposure to Cy before HSCT is associated with a
higher incidence of ECE and decreased survival.
Further studies with a larger sample size and a higher
number of cardiac events are warranted to gain
additional insight into the impact of CVRFs, anthra-
cyclines, and Cy on ECE and patients’ outcomes.

IDENTIFYING PATIENTS AT HIGHER RISK OF ECE.
This analysis contributes to the identification of
patients at higher risk of developing ECE. Older age
is, as expected, one of the risk factors of ECE.
Although sequential conditioning regimens are
associated with a higher incidence of ECE compared
with myeloablative and reduced-intensity condi-
tioning, this platform should not be contraindicated
in a haplo setting with PT-Cy. We recently published
that a thiotepa-based sequential regimen is feasible
in a haplo setting, and it allows for a 2-year overall
survival of 55% and a 2-year nonrelapse mortality of
15% in patients with refractory hematologic malig-
nant diseases (9). In patients who are in complete
remission, a thiotepa-busulfan-fludarabine regimen
may be a more appropriate platform in a haplo
setting with PT-Cy (31). Finally, a history of a pre-
transplant cardiac event had a detrimental impact
on outcome, and a trend toward a higher incidence
of ECE was observed (18% vs. 10% in the absence of
a history of a cardiac event).

To prevent the occurrence of ECE, strategies other
than haplo HSCT with PT-Cy should be proposed,
when available, to older adult patients and patients
with previous exposure to Cy. Cy-induced cardiac
toxicity seems to be correlated with the Cy total dose,
as previously reported (16). In this study, the inci-
dence of ECE was indeed lower with the reduced PT-
Cy dose of 50 mg/kg. Reducing the PT-Cy dose may
therefore decrease the risk of ECE. However, firm
conclusions cannot be drawn because the difference
was not statistically significant, and the stem cell
source was adjusted according to the PT-Cy dose.
Further studies are needed to confirm whether a
reduced PT-Cy dose can decrease the risk of ECE
without increasing the incidence of GVHD and
compromising outcomes.

STUDY LIMITATIONS. One limitation of our study,
besides its retrospective nature, is that the 2 groups
were unbalanced in terms of disease risk index and
use of sequential conditioning. The interaction be-
tween those 2 factors is strong because sequential
conditioning regimens were actually proposed for
patients who were not in complete remission and
with a high disease risk index. However, disease
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CENTRAL ILLUSTRATION Impact of Post-Transplant Cyclophosphamide on Early Cardiac Events and Overall
Survival According to the Occurrence of These Cardiac Events

Post-HSCT Cyclophosphamide
(n=136)
compared to
No Post-HSCT Cyclophosphamide
(n =195)

4 Early Cardiac Events

‘Gradoe -1V G:’HD (100 days post-HSCT)
22% vs. 33% 19% vs. 6%

p=0.042 HR: 2.7, 95% Cl: 1.4-4.9

Worse Survival with Early Cardiac Events

100
90 i
S 80 i ww cardiac event
S 704 | B
o] 1
; 60 i Early cardiac event
5 50 | 47%
2 4ol |
§ 301 |
3 204 |
— I
14 ! p = 0.046
0 ! T T
0 1 2

Time From Transplantation (Years)

Number Patients at Risk
No early cardiac event 253 180 129
Early cardiac event 30 19 6

Duléry, R. et al. J Am Coll Cardiol CardioOnc. 2021;3(2):250-9.

Post-transplant cyclophosphamide reduces the incidence of acute graft-versus-host disease. However, patients who receive post-transplant cyclophosphamide have a
higher incidence of cardiac events within the first 100 days after allogeneic stem cell transplantation compared with patients who do not. Kaplan-Meier estimates
(with a landmark analysis on day 100) show the detrimental impact of early cardiac events on overall survival. The 2-year overall survival was 47% in patients who had
cardiac events compared with 72% in patients who did not (p = 0.046). Cl = confidence interval; HR = hazard ratio.




258

Duléry et al.

Post-Transplant Cyclophosphamide Cardiotoxicity

risk index was not associated with a higher risk of
ECE after HSCT in multivariable analysis. The in-
cidences of obesity and dyslipidemia were also higher
in the no-PT-Cy group than in the PT-Cy group.
Although those 2 factors had no significant impact on
ECE in univariable analysis, they may have only
relatively increased the risk of ECE in the no-PT-
Cy group.

Another limitation is the presence of patients in
the PT-Cy group who did not have a haplo donor.
Because PT-Cy was mainly used in haplo trans-
plantation, it was not possible in the multivariable
analysis to adjust for donor type and to infer any
conclusion on PT-Cy toxicity independently of donor
type. Further studies should assess the incidence of
ECE in the following: 1) a haplo setting by comparing
patients receiving PT-Cy with patients who do not;
and 2) patients receiving PT-Cy by comparing patient
with a haplo donor to patients with another donor
type. The causative role of Cy in the development of
the ECE reported in this study should also be dis-
cussed. The consensus definition of Cy-induced car-
diac toxicity is a cardiac event occurring within
10 days after Cy administration. In this study, some
cardiac events occurred later, up to 90 days after
transplantation, meaning that these events may not
have been directly related to Cy. The risk of ECE
development is, regardless of the cause, higher after
PT-Cy than without PT-Cy.

CONCLUSIONS

Although the use of PT-Cy is an efficient strategy to
reduce the incidence of GVHD after HSCT, its
administration is associated with a higher incidence
of cardiac events within the first 100 days after
transplantation. The main cardiac toxicity observed
was LVSD, and patients who had a cardiac event after
HSCT had lower overall survival. These results may
help to improve the selection of patients who are
eligible to undergo HSCT with PT-Cy, especially older

JACC: CARDIOONCOLOGY, VOL. 3, NO. 2, 2021
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adult patients and patients with previous exposure to
Cy.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: The
incidence of cardiac events within the first 100 days
after allogeneic transplantation is 19% with PT-Cy, a
percentage that is significantly higher than without
PT-Cy. Older patients or patients with exposure to Cy
before transplantation are also at higher risk of ECE.
The main cardiac toxicity observed is LVSD. Although
cardiac events may resolve in the majority of the cases
(76%), patients who have a cardiac event with allo-
geneic transplantation have lower overall survival.

TRANSLATIONAL OUTLOOK: Future studies
should assess whether other specific pre-transplant
cardiovascular risk factors may be associated with
post-transplant cardiac events. In particular, a cumu-
lative maximum Cy dose should be defined. Reducing
the PT-Cy dose should also be evaluated.
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