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María Jesús Pascual Cascón,5 Marta Luque,5 Albert Esquirol,6 Inmaculada Heras Fernando,7 Felipe Peña-Muñóz,8
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Key Points

• Using PTCY raised the
risk of ECEs but did
affect the likelihood of
late cardiac toxicity.

• Strategies to prevent
EC are crucial,
especially for patients
receiving PTCY.
This multicenter study sponsored by the GETH-TC investigates the incidence and predictors

of early (first 100 days) and late cardiac events (CEs; ECEs and LCEs, respectively) after allo-

HCT in patients with acute myeloid leukemia (AML) treated with anthracyclines, focusing

on exploring the impact of PTCY on cardiac complications and the impact of CEs on OS and

NRM. A total of 1020 patients with AML were included. PTCY was given to 450 (44.1%)

adults. Overall, 94 (9.2) patients experienced CEs, with arrythmias, pericardial

complications, and heart failure the most prevalent. ECEs occurred in 49 (4.8%) patients

within a median of 13 days after allo-HCT, whereas LCEs were diagnosed in 45 (4.4%)

patients within a median of 3.6 years after transplant. Using PTCY increased the risk for

ECEs in multivariate analysis (hazard ratio [HR], 2.86; P = .007) but did not significantly

affect the risk for LCEs (HR, 1.06; P = .892). The impact of variables on outcomes revealed

was investigated using multivariate regression analyses and revealed that the diagnosis of

CEs decreased the likelihood of OS (HR, 1.66; P = .005) and increased the likelihood of NRM

(HR, 2.88; P < .001). Furthermore, despite using PTCY increased ECEs risk, its administration

was beneficial for OS (HR, 0.71; P = .026). In conclusion, although the incidence of CEs was

relatively low, it significantly affected mortality. Standard doses of PTCY increased ECE risk

but were associated with improved OS. Therefore, protocols for preventing cardiac

complications among these patients are needed.
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Introduction

After the successful use of posttransplant cyclophosphamide
(PTCY) in haploidentical hematopoietic cell transplantation (haplo-
HCT), the use of PTCY-based prophylaxis for graft-versus-host
disease (GVHD) prevention in allogeneic HCT (allo-HCT) regard-
less of donor type is increasingly prevalent.1-4 Although PTCY-
based prophylaxis has proved effective GVHD prevention, its
wider implementation has raised concerns about causing potential
cardiac-related toxicity.5-8

Cardiac toxicity is a significant and potentially life-threatening
complication after allo-HCT, which manifests shortly after the
stem cell infusion or later in long-term survivors. Posttransplant
cardiovascular diseases encompass a range of conditions
including cardiomyopathy, heart failure, valvular dysfunction,
arrhythmias, pericarditis, and coronary artery disease.5-10 Reported
incidences of cardiac toxicities have ranged from 6% to 19% in the
early posttransplant period and can reach up to 22% over a 25-
year span. Cyclophosphamide (CY), a commonly used alkylating
agent in treating various malignant and autoimmune disorders and
in conditioning regimens for allo-HCT, has been linked to cardiac
toxicity with incidence rates between 1% and 17%.11-13 However,
the investigation of how PTCY affects early cardiovascular toxicity
in allo-HCT recipients has given controversial results.5-8

Acute myeloid leukemia (AML) is the primary indication for allo-
HCT.14,15 Patients with AML often receive anthracycline-based
induction regimens to induce disease response before trans-
plantation, but known to potentially induce cancer treatment–
related cardiovascular toxicity.16-18 Because of the extensive use
of PTCY-based prophylaxis in patients with AML who have
received allo-HCT has raised concerns about possible higher
incidence of cardiac-related toxicity in these patients,5-8 this study
investigates the incidence and predictors of early (E) and late (L)
cardiac events (CEs) after allo-HCT, and in particular, whether
PTCY-based prophylaxis increases the likelihood of cardiac
complications.

Methods

Patient selection

This is a retrospective, multicenter, registry-based study sponsored
by the transplant complications committee of the Grupo Español
de Trasplante Hematopoyético y Terapia Celular (GETH-TC).
GETH-TC is a nonprofit scientific society with members from all
institutions performing HCT in Spain and Portugal. Sixteen trans-
plant units affiliated with the GETH-TC participated in the study.

A total of 1020 adult patients with AML who underwent their first
peripheral blood allo-HCT between 2011 and 2022, after
anthracycline-containing induction therapies and received HCT at the
16 participating HCT units met the eligibility criteria and were
included in the study. Data collection took place retrospectively from
June 2023 to January 2024. Study data were collected and managed
using REDCap (Research Electronic Data Capture) electronic data
capture tools hosted at GETH-TC. The study received ethical
approval from the ethics committee of the Hospital Clínic de Bar-
celona and adhered to the standards outlined in the Declaration of
Helsinki. No external funding was received for this study.
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CE definition and pretransplant cardiac function

evaluation

A CE was defined as any new occurrence of atrial or ventricular
arrhythmias, heart failure (including a decrease in left ventricular ejec-
tion fraction (LVEF) of ≥10% but always <53%), myocardial infarction
or ischemia, and pericardial complications (moderate/severe pericar-
dial effusion and pericarditis) diagnosed after stem cell infusion.5-7 Only
the first CE occurring in patients included in the study was accounted
in the analysis. Cardiac complications were determined following
standard clinical practice and the 2022 European Society of Cardiol-
ogy guidelines on cardio-oncology,18 and graded according to the
National Cancer Institute Common Terminology Criteria for Adverse
Events (CTCAE), version 5.0. CEs were classified as ECE or LCE
depending on whether it was diagnosed during the first 100 days after
transplant, or it was diagnosed after day 100.5,6,19 De novo post–allo-
HCT hypertension (HTN) was not considered a CE.

Pretransplant cardiac evaluation, monitoring, and supportive care
followed institutional guidelines. Transthoracic echocardiography
and electrocardiogram were performed uniformly during pretrans-
plant assessment. Patients with preexisting cardiac morbidity
included patients with arrhythmia, heart failure, ischemia, pericar-
ditis, moderate/severe pericardial effusion, moderate/severe valv-
opathy, or other relevant cardiac complications diagnosed before
allo-HCT. Patients with relevant abnormalities diagnosed in
the echocardiography or electrocardiogram before transplant were
accounted as patients with prior cardiac disease. Furthermore,
patients with a LVEF of <45% and without a history of cardiac
disorders were considered to have preexisting cardiac morbidity.
Because routine measurement of cardiac biomarkers and function
was not conducted uniformly across centers, information related to
these aspects was not included in the study.

Allo-HCT information and definitions

Induction treatments, eligibility criteria for allo-HCT, donor selec-
tion, conditioning regimen, and GVHD prophylaxis all adhered to
standard practices, with conditioning regimen intensity uniformly
tailored to chronological age and comorbidities. Grading of acute
and chronic GVHD (aGVHD and cGVHD, respectively) followed
established criteria.20-22 CR and disease relapse were designated
by the treating physician and registered at the database.

Statistical analysis

The diagnosis of CEs was the primary variable of interest, with
PTCY-based prophylaxis being a key explanatory variable. Cumu-
lative incidence of CEs was estimated using regression analysis
and accounting for death and relapse as competing events. For
descriptive information, patients diagnosed with a CE after disease
relapse (n = 10) were considered patients without CE. Baseline
characteristics and risk factors for ECEs and LCEs were investi-
gated through landmark analysis, excluding events after day +100
for ECE and starting posttransplant follow-up on day +100 for
LCE. The 30- and 60-day mortality rates were estimated from the
day of CE diagnosis to the day of death in patients with CEs who
died during the subsequent follow-up. The impact of CE on overall
survival (OS) and nonrelapse mortality (NRM) was investigated
using regression analysis and including the entire cohort of
patients, without landmark analysis. In this analysis, the variable CE
was always treated as a time-dependent variable.
12 NOVEMBER 2024 • VOLUME 8, NUMBER 21



Table 1. Baseline characteristics of the study cohort and according to early cardiac toxicity

Baseline characteristics

All patients

N = 1020

Patients with ECEs

n = 49

No ECEs

n = 971 P value

Age, y, median (range) 55 (44-62) 60 (48-66) 54 (44-62) .003

>59 369 (36.2) 26 (53.1) 343 (34.3) .012

Sex

Male 530 (52.7) 29 (59.2) 509 (52.4) .355

Female 482 (47.3) 20 (40.8) 462 (47.6)

Relevant comorbidities

Active smoker 111 (10.9) 12 (24.5) 105 (10.8) .754

HTN 195 (19.1) 19 (38.8) 177 (18.2) <.001

DLP 133 (13.1) 15 (30.8) 111 (12.2) <.001

Diabetes mellitus 74 (7.2) 4 (8.2) 70 (7.2) .810

Obesity (BMI ≥30) 70 (6.9) 1 (2.0) 69 (7.1) .166

History of cardiac disease 131 (12.8) 10 (20.4) 121 (12.4) .122

Arrhythmia 36 (3.5) 4 (8.2) 32 (3.2)

Heart failure 18 (1.7) 2 (4.0) 16 (1.6)

Myocardial ischemia 16 (1.5) 1 (2.0) 15 (1.5)

Pericardial disorders* 9 (0.9) 2 (4.0) 7 (0.7)

Valvopathy 33 (3.2) 1 (2.0) 32 (3.2)

Other 7 (0.6) 0 7 (0.7)

Abnormalities on ECHO or ECG before allo-HCT† 12 (1.2) 0 12 (1.2)

Prior treatment with cardiotoxic chemotherapy 31 (3.0) 1 (2.0) 30 (3.1) 1

Disease status before allo-HCT

Complete remission 923 (90.4) 42 (85.7) 888 (90.7) .243

Refractory AML/active disease 97 (9.5) 7 (14.3) 90 (9.3)

HCT-CI

>3 142 (14.9) 10 (20.8) 132 (14.5) .234

Missing 64 1 63

Main allo-HCT information

Intensity

Myeloablative 594 (58.2) 23 (46.9) 571 (58.8) .1

Reduced intensity 426 (41.8) 25 (53.1) 400 (41.2)

MAC regimen containing CY 140 (13.7) 4 (8.2) 136 (14.4) .294

TBI

High dose TBI (12 Gy) 45 (4.4) 1 (2.0) 44 (4.5) .719

GVHD prophylaxis

PTCY-based 461 (45.2) 35 (71.1) 426 (43.9) <.001

Others 559 (54.8) 14 (28.6) 545 (56.1)

Donor

10/10 MSD 362 (35.3) 13 (26.5) 349 (35.9) <.001

10/10 MUD 299 (29.3) 13 (26.5) 286 (29.5)

9/10 MMUD 86 (8.4) 0 86 (8.9)

Haploidentical 273 (26.8) 23 (46.9) 250 (25.7)

Main results

Median days to neutrophil engraftment 17 (15-19) 16 (14-18) 17 (15-19) .325

Median days to platelet engraftment 15 (12-24) 16 (13-26) 15 (12-24) .416

Graft failure 36 (3.6) 1 (2.0) 35 (3.7) .231

Missing data 18 3 15

BMI, body mass index; ECG, electrocardiogram; ECHO, echocardiography; HCT-CI, HCT–comorbidity index; TBI, total body irradiation; MSD, matched sibling donor; MUD, matched
unrelated donor; MMUD, mismatched unrelated donor.
*Pericarditis or moderate/severe pericardial effusion.
†Patients without cardiac history but with relevant abnormalities diagnosed in the ECHO or ECG and LVEF of <45% and without a history of cardiac disorders.
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Table 1 (continued)

Baseline characteristics

All patients

N = 1020

Patients with ECEs

n = 49

No ECEs

n = 971 P value

Cumulative incidence of GVHD

Day +100 grade 2-4 aGVHD 33.5 (30.6-36.5) 34.7 (21.7-48.1) 33.5 (30.5-36.5) .513

Day +100 grade 3-4 aGVHD 9.3 (7.6-11.2) 8.2 (2.6-18.0) 9.3 (7.6-11.3) .545

Relapse 298 (29.3) 13 (26.5) 286 (29.5) 0.651

Dead 414 (40.5) 27 (55.1) 387 (39.9) 0.034

Directly secondary to ECE 4 (0.4) 4 (8.1) 0

BMI, body mass index; ECG, electrocardiogram; ECHO, echocardiography; HCT-CI, HCT–comorbidity index; TBI, total body irradiation; MSD, matched sibling donor; MUD, matched
unrelated donor; MMUD, mismatched unrelated donor.
*Pericarditis or moderate/severe pericardial effusion.
†Patients without cardiac history but with relevant abnormalities diagnosed in the ECHO or ECG and LVEF of <45% and without a history of cardiac disorders.
Descriptive statistics were calculated using counts and percent-
ages, and χ2 and Mann-Whitney U tests were used when testing
for statistically significant differences in comparisons across sub-
samples. Posttransplant follow-up of patients with graft failure
undergoing second allo-HCT was censored at the day of the
second infusion. Posttransplant outcomes were estimated using
Kaplan-Meier and cumulative incidence regression analyses, with
GVHD analyses accounting for death and relapse as competing
events. Predictors for CEs, OS, and NRM were evaluated using
regression analyses. All analyses used 2-sided P values, with P <
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Figure 1. Cumulative incidence of EC
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.05 considered statistically significant. Easy R software was used
for statistical analysis.23

Results

Baseline information

Baseline information of the 1020 patients included is reported in
Table 1. Overall, the median age was 55 years (interquartile range
[IQR], 44-62), and 530 (52.7%) patients were male. A total of 195
(19.1%) patients were diagnosed with HTN, 133 (13.1%) with
Impact of Cardiac Events (CE) on
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Table 2. Early and late CEs: detailed information

n (%)

Grade of severity

(CTCAE)

Median days to

diagnosis (IQR) Additional comment

Death

secondary to

CAE

Day +30

mortality rate

Day +60

mortality rate

All patients with ECEs 49 (100) 1-2
3-4
5

30 (61.2)
14 (30.6)
4 (8.1)

13 (7-44) N/A 4 (8.1) 5 (10.2) 8 (16.3)

Heart failure 9 (18.4) 1-2
3-4
5

4 (44.4)
3 (33.3)
2 (22.2)

14 (12-50) One (11.1) case presented with
cardiac pulmonary edema

2 (22.2) 2 (22.2) 3 (33.3)

Myocardial infarction or
ischemia

4 (8.2) 1-2
3-4
5

1 (25.0)
3 (75.0)

0

9 (3-75) Two (50.0%) required percutaneal
revascularization

0 0 0

Arrythmia 21 (42.9) 1-2
3-4
5

15 (71.4)
4 (19.0)
2 (9.5)

12 (7-21) All supraventricular
arrythmias

2 (9.5) 2 (9.5) 3 (14.2)

Pericardiac effusion or
pericarditis

14 (28.6) 1-2
3-4
5

10 (71.4)
4 (28.6)

0

21 (3-75) 6 (42.8%) cases were diagnosed
with pericarditis. Four (28.6%)
cases required pericardial drain.
No patient received TBI.

0 1 (7.1) 2 (14.2)

Others 1 (2.0) 1-2
3-4
5

0
1 (100)

0

35 Auricular thrombus 0 0 0

N (%)

Grade of severity

(CTCAE)

Median months to

diagnosis (IQR) Additional comment

Death

secondary to

CAE

Day +30

mortality rate

Day +60

mortality rate

All patients with LCEs 45 (100) 1-2
3-4
5

29 (64.4)
14 (31.1)
2 (4.4)

17.5 (7.9-34.7) N/A 2 (4.4) 5 (11.1) 6 (13.3)

Heart failure 17 (37.8) 1-2
3-4
5

15 (88.2)
2 (11.7)

0

16.9 (7.4-40.3) 0 1 (5.8) 1 (5.8)

Myocardial infarction or
ischemia

8 (17.8) 1-2
3-4
5

2 (25.0)
5 (62.5)
1 (12.5)

38.7 (21.2-60.8) Two (22.2%) cases of angina
pectoris; 2 (22.2%) cases
required percutaneal
revascularization

1 (12.5) 1 (12.5) 1 (12.5)

Arrythmia 8 (17.8) 1-2
3-4
5

7 (87.5)
1 (12.5)

0

6.3 (3.7-21.0) All supraventricular 0 2 (25.0) 3 (37.5)

Pericardiac effusion or
pericarditis

10 (22.2) 1-2
3-4
5

4 (40.0)
5 (50.0)
1 (10.0)

12.9 (8.4-34.5) Five episodes were diagnosed with
pericarditis. Of 5 patients with
pericardial effusion, 1 adult died
because of cardiac tamponade.

1 (10.0) 1 (10.0) 1 (10.0)

Other: moderate
valvopathy

2 (4.4) 1-2
3-4
5

2 (100)
0
0

18.2 (12.3-18.2) 0 0 0

CEs were classified as ECEs or LCEs depending on whether it was diagnosed during the first 100 days after transplant, or it was diagnosed after day 100. Only the first CE occurring in
patients included in the study was accounted in the analysis. CEs occurring after presenting disease relapse after allo-HCT were not accounted. LCEs were considered if diagnosed after
day +100 and in patients without prior history of ECE.
TBI, total body irradiation.
dyslipidemia (DLP) and 74 (7.2%) with diabetes mellitus before
allo-HCT. Overall, 131 (12.8%) adults had a history of cardiac
pathology, with arrythmia (n = 36, 3.5%) and moderate/severe
valvopathy (n = 32, 3.1%) being the most prevalent.

Myeloablative conditioning (MAC) allo-HCTs were performed in
594 (58.2%) patients (13.7% of them containing CY and 14.4%
containing high doses of total body irradiation). Overall, 591
(57.9%) adults received grafts from 10/10 HLA-matched sibling
donors and matched unrelated donors, 86 (8.4%) from 9/10 mis-
matched unrelated donors, and 273 (26.7%) from haploidentical
donors. PTCY-based prophylaxis was administered to 461 (45.1%)
adults; most of them received the standard doses of CY of 50 mg/
kg per day × 2 days (n = 454, 98.5%).
12 NOVEMBER 2024 • VOLUME 8, NUMBER 21
Main transplant results

The median number of days to neutrophil and platelet engraftment
were 17 (IQR, 15-19) and 15,12-24 respectively. Primary and sec-
ondary graft failure occurred in 36 adults (3.6%). Day + cumulative
incidence functions (CIF) of grades 2 to 4 and 3 to 4 aGVHD were
33.5% (95% confidence interval [CI], 30.6-36.5) and 9.3%
(95% CI, 7.6-11.2), respectively. The 2-year CIF of moderate/
severe cGVHD was 7.0% (95% CI, 5.4-8.9). With a median follow-
up of 32 months (IQR, 12-66), 298 (29.3%) patients relapsed and
414 (40.5%) died. The main causes of death were infection and
relapse. Overall, the 2-year OS, NRM, and cumulative incidence of
relapse rates were 65.3% (95% CI, 62.2-68.2), 15.6% (95% CI,
13.4-17.9), and 27.1% (95% CI, 24.3-29.9), respectively.
CARDIAC TOXICITY AFTER ALLO-HCT IN AML 5501



Table 3. Risk factors for ECEs

MVA

Risk for ECEs, HR

(95% CI)

P
value

Age, y

> 60 (vs younger) 1.36 (0.74-2.50) .315

HTN

Yes (vs no) 2.01 (1.06-3.80) .030

DLP

Yes (vs no) 2.42 (1.20-4.86) .012

Diabetes mellitus

Yes (vs no) 0.49 (0.16-1.44) .197

Previous cardiac pathology

Yes (vs no) 1.39 (0.68-2.85) .355

Disease status before allo-HCT

Active disease (vs complete remission) 1.70 (0.77-3.75) .182

Conditioning regimen

MAC regimen containing CY (vs others) 0.85 (0.30-2.42) .773

GVHD prophylaxis

PTCY-based prophylaxis (vs other) 2.86 (1.32-6.21) .007

Donor type

Haploidentical donors (vs HLA-matched and
MMUD)

1.16 (0.57-2.39) .674

Grade 3-4 aGVHD

Time-dependent variable 2.19 (0.88-5.43) .088

Variables included in the multivariate model were selected based on results reported in
supplemental Table 1 (univariate regression analysis) and if considered clinically relevant for
cardiac toxicity according to previous related publications. Posttransplant follow-up has been
censored at 100 days. No event diagnosed after day +100 has been accounted for this
analysis.
MMUD, mismatched unrelated donor.
ECEs

ECEs occurred in 49 (4.8%) patients within a median of 13 days
(range, 7-44) after allo-HCT. As described in Table 1, compared
with patients without ECEs, patients diagnosed with ECEs were
older (median age of 60 vs 54 years, P = .012) and had a higher
propensity to HTN (38.8% vs 18.2%, P < .001) and DLP (30.8%
vs 12.2%). The proportion of patients with prior cardiac disease
tend to be higher in adults who presented with ECEs (20.4% vs
12.4%, P = .122).

Allo-HCT characteristics differed between the 2 groups in terms of
the proportion of patients receiving PTCY (71.1% vs 43.9%, P <
.001) and haploidentical sources (46.9% vs 25.7%, P < .001),
being higher in patients presenting ECEs. In fact, the cumulative
incidence of ECEs at day +100 was 7.6% (95% CI, 5.4-10.3) in
patients receiving PTCY, and 2.5% (95% CI, 1.4-4.1; P < .001) in
those who did not. According to donor type, the day +100
cumulative incidences of ECEs were 3.6% (95% CI, 2.0-5.9) in
allo-HCT performed from matched sibling donors, 4.4% (85% CI,
2.4-7.1) from 10/10 HLA–matched unrelated donors, 0% from
mismatched unrelated donors, and 8.4% (95% CI, 5.5-12.1) from
haploidentical donors (0 = 0.003).

As illustrated in Figure 1, the day +60 and +100 CIF of ECEs
were 3.9% (95% CI, 2.9-5.2) and 4.8% (95% CI, 3.6-6.2),
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respectively. As described in Table 2, the most prevalent cardiac
complications were arrythmias (all supraventricular; n = 21,
42.9%), pericardiac effusion or pericarditis (n = 14, 28.6%), and
heart failure (n = 9, 18.4%). According to the CTCAE, 14
(28.6%) patients had a grade 3/4 ECE, and 4 (8.1%) patients
directly died secondary to this complication. The day +30
and +60 mortality rates among patients with ECEs were 10.2%
and 16.3%, respectively.

Risk factors for ECEs

The result of the multivariate analysis (MVA) shown in Table 3
indicated that the likelihood of experiencing an ECE was statisti-
cally significantly higher in patients receiving PTCY (HR, 2.86;
P = .007), in patients with DLP (HR, 2.42; P = .012), and in
patients with HTN (HR, 2.01; P = .030). In contrast with the result
from the univariate analysis (supplemental Table 1), in the MVA, a
prior history of cardiac disease and having undergone haplo-HCT
did not significantly increased the likelihood of ECEs.

LCEs

LCEs were investigated among the 900 patients who survived
>100 days and did not experience an ECE. The median follow-up
of these patients were 2.3 years (IQR, 0.7-4.9).

LCEs were diagnosed in 45 (4.4%) patients within a median of 3.6
years (IQR, 2-5.8 years) after allo-HCT. Ten additional patients
were diagnosed with LCEs but after disease relapse. These
patients were considered patients without LCE in the statistical
analysis. From Table 4, in the subsample of patients with LCE there
were proportionately more patients aged ≥50 years (82.2% vs
59.3%, P = .002), more patients with cardiovascular risk factors
(HTN: 33.3% vs 17.2% [P = .005]; DLP: 28.9% vs 11.2% [P <
.001], and obesity: 22.2% vs 5.8% [P < .001]) and more patients
with prior cardiac disease (28.9% vs 11.3%, P = .001) than in the
subgroup of patients without LCE. Allo-HCT characteristics
including donor type and type of GVHD prophylaxis did not differ
between the 2 study groups.

As illustrated in Figure 1, the 1-year and 3-year CIF of LCE were
1.9% (95% CI, 1.2-3.0) and 4.2% (95% CI, 3.0-5.8), respectively.
As reported in Table 5, heart failure (n = 17, 33.8%), pericardiac
disorders (n = 10, 22.2%), myocardial infarction or ischemia (n = 8,
17.8%), and arrythmias (all supraventricular; n = 8, 17.8%) were
the most prevalent LCEs. According to the CTCAE, 14 (31.1%)
patients had a grade 3/4 LCEs, and 2 (4.4%) patients directly died
secondary to this complication. Overall, the day +30 and +60
mortality rates among patients with LCEs were 11.1% and 13.3%,
respectively.

Risk factors for LCEs

The results of the MVA shown in Table 6 indicated that patients
with DLP (HR, 2.01; P = .046), obesity (HR, 3.24; P = .005),
history of cardiac pathology history (HR, 2.43; P = .014) before
allo-HCT, and with diagnosis of grade 2 to 4 aGVHD (HR, 2.14;
P = .015) had a higher risk for presenting LCEs. On the contrary,
using PTCY (HR, 1.06; P = .892), the administration of CY-
containing MAC regimens (HR, 0.38; P = .187), and the diag-
nosis of moderate/severe cGVHD (HR, 0.73; P = .641) did not
significantly affect the risk for LCEs.
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Table 4. Baseline characteristics of the study cohort and according to LCEs

Baseline characteristics

Patients with LCE

n = 45

No LCE

n = 955 P value

Age, y, median at transplant (IQR) 58 (51-63) 54 (43-62)

>50 37 (82.2) 507 (59.3) .002

Sex

Male 27 (60.0) 437 (51.1) .245

Female 18 (40.0) 418 (48.9)

Relevant comorbidities

Active smoker at transplant 7 (15.6) 85 (9.9) .381

HTN 15 (33.3) 147 (17.2) .005

DLP 13 (28.9) 96 (11.2) <.001

Diabetes mellitus 6 (13.3) 56 (6.5) .082

Obesity (BMI ≥30) 10 (22.2) 50 (5.8) <.001

History of cardiac disease 13 (28.9) 97 (11.3) .001

Arrhythmia 3 (6.7) 24 (2.5)

Heart failure 4 (8.9) 11 (1.1)

Myocardial ischemia 1 (2.2) 1 (0.1)

Pericardial disorders* 2 (4.4) 5 (0.5)

Valvopathy 2 (4.4) 26 (2.7))

Other 0 7 (0.7)

Abnormalities on ECHO or ECG before allo-HCT† 1 (2.2) 11 (1.1)

Prior treatment with cardiotoxic chemotherapy 2 (4.4) 24 (2.8) .381

Disease status before allo-HCT

Complete remission 44 (97.8) 782 (91.5) 1

Refractory AML/active disease 1 (2.2) 73 (8.5)

HCT-CI

>3 4 (8.9) 115 (13.5) .267

Intensity

Myeloablative 23 (51.1) 513 (60.0) .236

Reduced intensity 22 (48.9) 342 (40.0)

MAC regimen containing CY 3 (6.7) 124 (14.5) .141

TBI

High dose TBI (12 Gy) 1 (2.2) 41 (4.8) .366

GVHD prophylaxis

PTCY-based 21 (46.7) 369 (43.2) .643

Others 24 (53.3) 486 (56.8)

Donor

10/10 MSD 16 (35.6) 311 (36.4) .189

10/10 MUD 12 (26.7) 258 (30.2)

9/10 MMUD 1 (2.2) 79 (9.2)

Haploidentical 16 (35.6) 207 (24.2)

Cumulative incidence of GVHD

2-y moderate/severe cGVHD 14.0 (5.6-26.2) 6.2 (4.6-8.0) .089

Relapse 5 (11.1) 259 (30.3) .798

Dead 15 (33.3) 301 (35.2) .006

Death due to NRM 10 (22.2) 105 (12.3) .001

Directly secondary to LCE 2 (4.4) N/A

Patients included in the analysis: patients alive at day +100 and without having presented ECEs. LCE were accounted only if occurred before presenting disease relapse.
BMI, body mass index; ECG, electrocardiogram; ECHO, echocardiography; HCT-CI, HCT–comorbidity index; MMUD, mismatched unrelated donor; MSD, matched sibling donor; MUD,

matched unrelated donor; TBI, total body irradiation.
*Pericarditis or moderate/severe pericardial effusion.
†Patients without cardiac history but with relevant abnormalities diagnosed in the ECHO or ECG and LVEF of <5% and without a history of cardiac disorders
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Table 5. Risk factors for LCEs

MVA

Risk for LCEs

P valueHR (95% CI)

Age, y

>50 (vs younger) 2.00 (0.84-4.76) .117

HTN

Yes (vs no) 1.42 (0.73-2.79) .296

DLP

Yes (vs no) 2.01 (1.01-4.01) .046

Diabetes mellitus

Yes (vs no) 0.88 (0.32-2.39) .814

Previous cardiac pathology

Yes (vs no) 2.43 (1.19-4.96) .014

Obesity (BMI ≥30)
Yes (vs no) 3.24 (1.41-7.45) .005

Conditioning regimen

MAC regimen containing CY (vs others) 0.37 (0.08-1.60) .187

GVHD prophylaxis

PTCY-based prophylaxis (vs other) 1.06 (0.42-2.67) .892

Donor type

Haploidentical donors (vs HLA-matched and
MMUD)

1.59 (0.60-4.22) .342

History of grade 2-4 aGVHD

Yes (vs no) 2.14 (1.13-4.05) .018

Moderate/severe cGVHD

Time-dependent variable 0.73 (0.21-2.53) .621

Cumulative incidence analysis accounted for death and relapse as competing events. Any
LCE occurring after disease relapse was not accounted. The present analysis has been done
using landmark analysis. No event diagnosed before day +100 has been accounted.
Variables included in the multivariate model were selected based on results reported in
supplemental Table 2 and if considered clinically relevant for cardiac toxicity according to
previous related publications.
BMI, body mass index; MMUD, mismatched unrelated donor.
Impact of ECs on outcomes

As shown in Figure 1, the estimated 3-year OS and NRM rates
were 58.0% (95% CI, 46.8-67.6) and 28.7% (95% CI, 19.7-38.3),
respectively, in the 94 (9.2%) patients diagnosed with CEs, and
60.1% (95% CI, 57.3-36.9; P = .52) and 15.7% (95% CI, 13.4-
18.2; P < .001] in the 926 patients who did not present with this
complication.

The impact of CEs was evaluated in the entire patient cohort,
treating the variable CE as time dependent (Table 7; supplemental
Section 3). Only patients with CEs occurring prior disease relapse
were accounted. The results of the MVA presented in Table 7
revealed that the diagnosis of CEs after allo-HCT decreased the
likelihood of OS (HR, 1.92; P < .001) and increased the likelihood
of NRM (HR, 2.77; P < .001). The results of the MVA also indicated
that patients undergoing allo-HCT with refractory/relapsed AML
(HR, 2.48; P < .001), and those experiencing grades 3/4 aGVHD
(HR, 2.19; P < .001) had lower OS probability than patients
otherwise. Notably, the use of PTCY was associated with higher
OS (HR, 0.71; P = .023) when CE was also included among the
explanatory variables.
5504 SALAS et al
CEs according to GVHD prophylaxis and donor type

Lastly, the incidence of CEs according to GVHD prophylaxis and
donor type was further investigated. The baseline characteristics of
the 456 patients receiving PTCY did not differ from those of
patients receiving other prophylaxis (n = 558), except for the
conditioning regimen intensity (reduced intensity conditioning
regimens were higher in patients receiving PTCY; 46.0% vs
38.3%, P = .013) and donor type (haploidentical: 58.1% vs 0.9%;
supplemental Section 4).

As described in Table 7, the most prevalent ECEs in patients
receiving PTCY were arrhythmias, pericardial disorders, and heart
failure. Compared with patients receiving other prophylaxis, more
patients in the PTCY group had grade 3 to 5 ECEs (34.3% vs
14.3%), and 4 patients died secondary to ECEs. Additionally, the
60-day mortality rate for patients with ECEs receiving PTCY was
higher than in the rest (22.9% vs 7.1%, P = .049).

The incidence of LCEs did not differ according to GVHD prophy-
laxis. Of the 456 patients receiving PTCY, 21 experienced LCEs at
a median of 2.8 years after allo-HCT. The most prevalent LCEs
were heart failure, pericardial disorders, and myocardial ischemia.
The severity of episodes and mortality rates did not differ between
the 2 groups (Table 7).

Lastly, the incidences of CEs according to donor type and GVHD
prophylaxis were investigated. As described in Table 7, the inci-
dence of ECEs was higher in patients receiving grafts from HLA-
matched donors (day +100 CIF, 7.4% vs 2.8%; P = .009) and
haploidentical donors (day +100 CIF, 8.6% vs 0, but only 5
patients in the comparative group) and PTCY than in the rest.

Discussion

The retrospective multicenter study examined the incidence and
predictors of CEs after allo-HCT in a large cohort of patients with
AML treated with anthracycline-based induction therapies, known
for potential cancer treatment–related cardiovascular toxicity.16,17

Overall, 94 (9.2%) patients experienced CEs after allo-HCT, with
ECE and LCE rates of 4.8% and 4.4%, respectively. Prophylactic
PTCY increased the risk of ECEs but had no impact on LCEs.
Preexisting cardiovascular risk factors and cardiac disease before
allo-HCT heightened the risk of posttransplant cardiac complica-
tions. Despite the relatively low incidence of CEs, its association
with higher likelihood of mortality justifies the need for implement-
ing scales and protocols for detecting of high-risk patients and
preventing cardiac events, together with aggressively treating
cardiovascular risk factors before and after transplantation with the
same objective.

The observed incidence of ECEs was 4.8%, and arrhythmias,
pericardial complications, and heart failure were the most prevalent
CEs. Notably, using PTCY increased the likelihood of early cardiac
toxicity. CY-induced cardiac toxicity, primarily investigated with CY
included in conditioning regimens, encompasses cardiomyocyte
apoptosis, endothelial dysfunction, calcium deregulation, and
damage to the endoplasmic reticulum and mitochondria,24,25

resulting in heterogeneous clinical manifestations such as elec-
trocardiography changes, cardiomegaly, pulmonary vascular
congestion, pleural and pericardial effusions, and decreased
LVEF.26
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Table 6. Impact of cardiac complications on transplant outcomes

Univariate analysis

OS,

HR (95% CI) P value

NRM,

HR (95% CI) P value

CEs

All events (time dependent) 1.98 (1.42-2.78) <.001 3.73 (2.44-5.70) <.001

CEs

ECE (time dependent) 1.72 (1.16-2.56) <.001 5.72 (3.43-9.54) <.001

LCE (time dependent) 2.51 (1.46-4.31) <.001 5.53 (2.60-11.79) <.001

GVHD prophylaxis

PTCY-based (vs others) 0.87 (0.71-1.06) .188 1.14 (0.86-1.53) .35

MVA

OS

HR (95% CI) P value

NRM

HR (95% CI) P value

CEs

All events (time dependent) 1.65 (1.16-2.34) .005 2.88 (1.74-4.76) <.001

GVHD prophylaxis

PTCY-based (vs others) 0.71 (0.53-0.96) .026 0.81 (0.50-1.29) .381

Patient age, y

>59 (vs younger) 1.16 (0.91-1.49) .223 1.37 (0.91-2.02) .133

HTN

Yes (vs no) 1.06 (0.81-1.39) .653 1.29 (0.84-1.96) .231

DLP

Yes (vs no) 1.38 (1.03-1.85) .003 1.40 (0.89-2.21) .139

HCT-CI

>3 (vs 0-3) 1.26 (0.96-1.65) .086 1.32 (0.87-2.02) .184

Disease status before allo-HCT

Refractory AML/active disease (vs complete
remission)

2.50 (1.88-3.32) <.001 N/A

Intensity

RIC (vs MAC) 1.13 (0.89-1.43) .283 1.05 (0.73-1.51) .772

Donor

Haploidentical (vs others) 1.28 (0.93-1.77) .120 1.33 (0.79-2.25) .267

Grade 3-4 aGVHD

Time-dependent variable 2.21 (1.67-2.92) <.001 8.38 (5.98-11.75) <.001

The impact of the 95 CEs in outcomes has been investigated in the entire cohort of patients included in the study. CE variable has been treated as a time-dependent variable. CEs occurring
after disease relapse have not been accounted. Variables included in the multivariate model were selected based on results from supplemental Section 3 and if considered clinically relevant for
the transplant success. The variable HCT-CI has been included instead of the variables prior cardiac toxicity, obesity, or diabetes mellitus.
HCT-CI, HCT–comorbidity index; RIC, reduced intensity conditioning.
The pathophysiology of PTCY-induced ECEs remains less under-
stood,5,8 but studies suggest that it may arise from immunological
events triggered by rapidly proliferating alloreactive T cells after
infusion, exacerbated by sustained endothelial activation induced
by stem cells, PTCY administration itself, and early complications
such as infections and GVHD.8,26-28

The study findings are significant given the limited number of
studies exploring the association between PTCY and ECEs and
the discrepancies among their respective results.5-7 The reported
results are consistent with those of Dulery et al (2021), who found
a higher likelihood of ECEs in patients receiving PTCY (day +100
CIF of 19% vs 6%; P = .001),5 and with those of Perez-Valencia
et al, who reported a higher ECE incidence in patients receiving
PTCY (day +180 CIF of 11.3% vs 3.8%; P = .007).7 Both studies
were conducted in cohorts of patients with different hematological
disorders and undergoing allo-HCT from HLA-matched and
12 NOVEMBER 2024 • VOLUME 8, NUMBER 21
mismatched donors, including haploidentical donors. However,
our results differ from those obtained from Yeh et al that reported
that no significant association between PTCY and ECEs were
identified in a cohort of patients who underwent allo-HCT from,
uniquely, HLA-matched donors (day +100 CIF, 7.4% vs 5.8%;
P = .4).6

In our study, haplo-HCT was identified as a predictor for ECEs only
in the univariate analysis. Infusing haploidentical products is
considered a predictor for ECEs because of the alloreactivity
induced by the infusion of less HLA-compatible donor cells.5,7,8

Considering the substantial proportion of patients receiving
PTCY in the haplo-HCT subgroup of patients included in our
analysis, the statistical effect of PTCY on ECE risk might have
influenced the analysis of ECE risk induced by haploidentical donor
grafts. Our results, together with data published from previous
investigators,5,7 support that PTCY increases the ECE risk
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Table 7. CEs according to GVHD prophylaxis and donor type

PTCY-based prophylaxis

n = 456

Other GVHD prophylaxis

n = 558 P value

ECEs N = 35 N = 14 <.001

ECEs 35 (100%) 14 (100%)

Median of days to diagnosis (IQR) 15 (8-49) 11 (6-24) .964

Type of CE

Arrhythmia 11 (31.4) 10 (71.4) .088

Heart failure 9 (25.7) 0

Myocardial ischemia 3 (8.6) 1 (7.1)

Pericardial disorders 11 (31.4) 3 (21.4)

Other 1 (2.9) 0

Grade of severity (CTCAE)

1-2 19 (54.3) 12 (85.7) .102

3-4 12 (34.3) 2 (14.3)

5 4 (11.4) 0

Mortality rate

Day 30 4 (11.4) 1 (7.1) .382

Day 60 7 (22.9) 1 (7.1) .049

LCEs N = 21 N = 14 .643

LCEs 21 (100%) 24 (100%)

Time to diagnosis, y, median 2.8 (1.9-5.4) 4.5 (2.1-5.4) .889

Type of CE

Arrhythmia 3 (14.2) 5 (20.8) .796

Heart failure 8 (38.0) 9 (37.5)

Myocardial ischemia 4 (19.0) 4 (16.7)

Pericardial disorders 5 (23.8) 5 (20.8)

Other 1 (0.1) 1 (4.2)

Grade of severity (CTCAE)

1-2 15 (62.5) 14 (66.7)

3-4 9 (37.5) 5 (20.8) .224

5 0 2 (8.3)

Mortality rate

Day 30 2 (9.5) 3 (12.5)

Day 60 2 (9.5) 4 (16.7) .667

CEs according to donor type % (95% CI) % (95% CI) P value

HLA-matched donors (MSD and MUD)

Total patients (n = 661) 163 (35.4) 495 (88.6) <.001

Day +100 cumulative incidence of ECE 7.4 (4.0-12.1) 2.8 (1.6-4.6) .009

3-y cumulative incidence of LCE 2.9 (1.0-6.8) 4.4 (2.8-6.7) .413

HLA-mismatched unrelated donors

Total patients (n = 86) 30 (6.5) 56 (10.0) N/A

Day +100 cumulative incidence of ECE 0 0

3-y cumulative incidence of LCE Only 1 patient; 6 y after allo-HCT 0

Haploidentical donors

Total patients (n = 273) 268 (58.1) 5 (0.9) < .001

Day +100 cumulative incidence of ECE 8.6 (5.6-12.4) 0 .495

3-y cumulative incidence of LCE 6.1 (3.3-10.1) 0 .583
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irrespective of the selected donor source; results that are consid-
ered reasonable because CY is an alkylating agent.11-13

CY-induced cardiotoxicity risk correlates with dose,11 and recent
studies conducted in the haplo-HCT setting have shown that
reducing PTCY doses decreases the odds of ECEs.29,30 These
findings indirectly support the association between PTCY and
ECEs, and suggest that reduced PTCY doses with additional
immunosuppressive agents can provide effective GVHD prevention
with lower cardiac toxicity risk.29,30 The effect of reduced PTCY
dose on cardiac toxicity could not be evaluated in our analysis,
because the majority of patients received standard doses of PTCY.
Nevertheless, based on current knowledge, it is presumed that
future clinical practice may recommend reducing the PTCY dose in
patients at increased risk for cardiac complications.

The incidence of LCEs in the patient sample was 6.2%, with a
median onset of 1 year. Heart failure and arrhythmia were the most
prevalent complications and, in this case, PTCY did not significantly
affect this outcome. LCEs after allo-HCT has been correlated with
cardiotoxic chemotherapy or radiation, age at transplant, cardiovas-
cular risk factors, physical inactivity, secondary malignancies, endo-
crinopathies, and GVHD.9,10,19,31 However, the use of CY- and total
body irradiation–based MAC regimens were not associated with a
higher risk for LCEs in our analysis. Nevertheless, caution is recom-
mended, because CEs after transplant can occur even decades after
allo-HCT, in long-term survivors, so the follow-up of our patients might
have been short for the evaluation of LCEs in HCT survivors.9,10

The diagnosis of cardiovascular risk factors such as HTN, DLP, and
obesity before transplantation, increased the risk for CE after allo-
HCT in our analysis. These findings, along with the observed
heterogeneity in cardiac monitoring practices among participating
institutions, underscore the importance of implementing preemptive
interventions to mitigate sedentary behavior, obesity, and aggressively
treat cardiovascular risk factors when present.8,18,19 Additionally, age
at allo-HCT older than 50 years, and a prior history of cardiac disease
were predictors for LCE, emphasizing the necessity of implementing
posttransplant cardiac monitoring protocols for these patients.

The diagnosis of CEs after allo-HCT had a negative impact on OS
and NRM. Notably, a positive association between using PTCY and
better OS emerged in the MVA when estimating the likelihood of
OS with CE and PTCY together as explanatory variables (Table 7).
These results support that using PTCY induces beneficial effects
on OS. However, considering that its use is also associated with
increased ECEs, the beneficial effect of using this prophylaxis is
only evident when controlling for the probability of presenting CEs
after allo-HCT (supplemental Section 3).

Because the adoption of PTCY is likely to continue considering its
demonstrated efficacy for preventing GVHD,1-4 results presented
in the study would recommend the use of pretransplant tools for
early identify patients at risk for CEs, such as the recently defined
Cardiovascular Registry in Bone Marrow Transplantation risk score,
together with the implementation of protocols and preemptive
pharmacological strategies for CE prevention in high-risk patients
who have received HCT,18,32-34 as a way to optimize the positive
effects of PTCY in allo-HCT, and decrease its detrimental effect
on CEs.
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The main limitations of the study are its retrospective design, lack of
consistent posttransplant cardiac monitoring, and relatively short
follow-up of HCT survivors, because it potentially resulted in an
underestimation of the incidence of CE because only symptomatic
cases were captured from clinical charts. Furthermore, anthracy-
cline cumulative doses were not recorded because the study pri-
marily evaluated the impact of PTCY on the likelihood of developing
cardiac complications, and cardiac biomarkers were not routinely
measured at the participant centers. Based on these results,
conducting prospective studies to explore the impact of cumulative
anthracycline doses on CE risk in patients receiving PTCY and the
utility of biomarker measurements in identifying high-risk patients
would be desirable for designing posttransplant monitoring pro-
tocols. Additionally, examining the impact of PTCY on CE risk in
adults with different baseline diagnoses undergoing allo-HCT
would also be beneficial.

In conclusion, the global incidence of CEs was relatively low,
considering that all patients received anthracycline-based induction
therapies before allo-HCT. However, the diagnosis of CEs signifi-
cantly increased morbidity and mortality risk after allo-HCT. Using
standard doses of PTCY increased the risk for ECEs in patients
with AML. However, the use of this prophylaxis was also associated
with higher OS. Given the widespread adoption of PTCY in the
allo-HCT setting, the conduction of prospective studies exploring
how ECE risk can be mitigated in patients with AML receiving
standard PTCY-based prophylaxis will be desirable.
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