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Abstract

Purpose Chimeric antigen receptor (CAR) T-cell therapy is a new revolutionary method for treating refractory

or relapsed hematologic malignancies, CAR T-cell therapy has been associated with cytokine release syndrome (CRS)
and cardiotoxicity. We directed a systematic review and meta-analysis to determine the incidence and predictors

of cardiovascular events (CVE) with CAR T-cell therapy.

Methods We investigated PubMed, Embase, Cochrane Library, and ClinicalTrials.gov for studies reporting cardiovas-
cular outcomes in CAR-T cell recipients. The study protocol was listed in the International Prospective Register of Sys-
tematic Reviews (PROSPERO ID: CRD42023478602). Twenty-three studies were included in this study.

Results The pooled incidence of CVE was 54% for arrhythmias, 30% for heart failure, 20% for cardiomyopathy, 10%
for acute coronary syndrome, and 7% for cardiac arrest. Patients with CVE had a higher incidence of cytokine release
syndrome grade >2 (RR 2.36, 95% Cl 1.86-2.99). The incidence of cardiac mortality in our meta-analysis was 2% (95%
Cl: 19%-3%). Left ventricular ejection fraction decline was greater in the CVE group (-9.4% versus -1.5%, p < 0.001). Car-
diac biomarkers like BNP, CRP. creatinine, and ferritin were also elevated.

Conclusions CAR T-cell therapy commonly leads to cardiotoxicity, mediated by cytokine release syndrome. Vigilant
monitoring and tailored treatments are crucial to mitigate these effects. Importantly, there's no significant difference
in cardiac mortality between groups, suggesting insights for optimizing preventive interventions and reducing risks
after CAR T-cell therapy.

Keywords Chimeric antigen receptor cardiotoxicity, CAR T-cell cardiotoxicity, Chimeric antigen receptor t-cells,
Cardiovascular events, Cardiotoxicity, Cardiac biomarkers, Cancer immunotherapy, Cardio-oncology, Cytokine release
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Introduction

Chimeric antigen receptor (CAR) T-cell therapy is a
revolutionary method in treating refractory or relapsed
hematologic malignancies.

Despite its promising efficacy, CAR T-cell therapy has
been associated with cytokine release syndrome (CRS) and
cardiotoxicity. Cardiotoxicity related to CAR T-cell ther-
apy has important clinical ramifications [1, 2] including
tachycardia-induced LV dysfunction, myocardial injury,
arrhythmias, hypotension, ST-segment changes on the
electrocardiogram (ECG), and in some cases cardiac death
[3-5]. While multiple studies have captured cardiovas-
cular endpoints in patients receiving CAR T-cell therapy,
a systematic appraisal of the available evidence to inform
patients’ and clinicians’ expectations of cardiovascular
risk related to this therapy has not yet been carried out.
Thus, we performed a systematic review and meta-analysis
to investigate the incidence of cardiotoxicity in patients
receiving CAR T-cell therapy and its related predictors.

Methods

This systematic review and meta-analysis adhered to the
procedures outlined in the Cochrane Handbook of Sys-
tematic Reviews and followed the guidelines provided
by the Preferred Reporting Items for Systematic Reviews
and Meta-Analysis (PRISMA 2020) [6]. The study proto-
col was listed in the International Prospective Register
of Systematic Reviews (PROSPERO) — PROSPERO ID:
CRD42023478602 [7, 8].

Eligibility criteria

Inclusion criteria: Non-randomized clinical Trials and
observational studies including patients with cardiotox-
icity and cardiac adverse effects after all types of CAR
T-cell therapies were considered. Studies that evaluated
both the cardiovascular events (CVE) group and the non-
cardiovascular events (non-CVE) group were included.
Review articles, case reports, case series, conference
abstracts, book chapters, studies on animal subjects, and
non-English articles were excluded from this review.
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Search strategy

PubMed, Embase, Cochrane Library, and Clinicaltrials.gov
were searched up until September 2023 using the follow-
ing keywords: “Cardiotoxicity’; “Cardiac-toxicity’, “Cardio-
myopathic inflammatory process’, “Cardiac-biomarkers’,
“CAR-T cell therapies’, “Chimeric antigen receptor immu-
notherapy’, “Chimeric antigen receptor T-cell’; and admin-
istrating a combination of subject words and free words.
No publication date or publication status restrictions such
as published or online first were considered. Reference
lists of qualified studies and relevant reviews on this title

were also screened.

Outcome measures

The primary outcome of our study was cardiotoxicity fol-
lowing CAR T-cell therapy, including cardiomyopathy,
heart failure, arrhythmia, cardiac mortality, and acute
coronary syndrome. Our secondary outcomes included
laboratory cardiac and inflammatory biomarkers assess-
ment, time to cardiotoxicity, days of intensive care unit
(ICU) hospitalization, echocardiographic measurements,
and hospitalization course and outcomes.

The included studies defined cardiomyopathy as an
ejection fraction<55%, diastolic dysfunction based on
abnormal mitral inflow indices, shortening fraction <28%
[9], or as a reduction in LVEF > 10% from baseline to < 50%
during the index hospitalization [10, 11]. Heart failure
was identified with the same criteria, meeting three or
more of the following criteria: (1) symptoms of heart fail-
ure, (2) clinical signs consistent with heart failure (such as
pulmonary rales and lower extremity edema), (3) labora-
tory or imaging or radiographic findings (such as elevated
brain natriuretic peptide (BNP) level, pleural effusion,
Kerley B-lines or pulmonary edema, decreased left ven-
tricular ejection fraction [LVEF]) and/or (4) initiation of
new treatment for heart failure [12-14]. Also, myocardial
infarction was defined with a rise and/or fall of hs-cTnT
with at least one value above the 99th percentile upper
reference limit, with the ischemia symptoms or develop-
ment electrocardiogram [15]. arrhythmia was identified
as an electrocardiogram showing a non-sinus rhythm
with a rate greater than 120 beats per minute [12].

Data collection and management

Two independent reviewers reviewed all studies
obtained from the systematic search of the title and
abstract. After excluding articles meeting our exclu-
sion criteria, the full texts of the remaining studies
were retrieved, and screened by two reviewers, inde-
pendently. Any discrepancies were discussed with
a third reviewer. The following data were extracted
from the selected studies: Author, year, study design,
age, sex, sample size, baseline characteristics, type of
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cardiotoxicity and time to onset, laboratory and echo-
cardiographic data, administered drugs, length of ICU
hospitalization, and patient outcomes.

Risk of bias

The quality assessment of clinical trials included in our
study was done using the ROBINS-I (Risk Of Bias In
Non-randomized Studies—of Interventions) tool [16].
Observational studies were evaluated using the New-
castle—Ottawa Scale (NOS), which examines the studies
in three main domains: the selection of the groups, the
comparability of the groups, and assessing the outcome
of interest [17]. Studies were considered good quality,
fair quality, and poor quality based on their total scores
of 7 or more, 4-6, and less than 4, respectively. Any
conflicts were resolved through consultation.

Statistical analysis

A meta-analysis was conducted using a random-effects
model to calculate pooled effect sizes and 95% con-
fidence intervals (CI). The 12 statistic was utilized to
assess heterogeneity among the studies. Potential pub-
lication bias was assessed using funnel plots and statis-
tical tests, such as Egger’s test, to ensure the reliability
of the findings for the outcomes with at least 10 effect
sizes. All analyses were conducted using STATA 18 and
R (meta-package). When the values reported in the
manuscript were expressed as median and interquartile
range (IQR) or median and range, and we were unable
to obtain the mean and standard deviation (SD) from
the authors, we employed the statistical techniques rec-
ommended by Luo et al. [18] and Wan et al. [19].

Results

Study selection

Figure 1 illustrates the study selection procedure. A
total of 3538 records have been identified during the
database search. A total of 3195 articles remained after
duplicates were eliminated for the initial screening. Two
independent reviewers evaluated the accuracy of 240
studies under the guidance of the leading member of
the team before determining their definitive qualifica-
tion. Publications that were not clinical trials or cohort
studies were dismissed (Fig. 1). A comprehensive search
identified a total of 23 studies meeting the inclusion cri-
teria for this systematic review and meta-analysis. The
selected studies encompassed a diverse range of chi-
meric antigen receptor T-cell (CAR-T) therapies. They
included patients with a CVE group and a non-CVE
group after CAR T-cell therapy.
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Fig. 1 Flow diagram of the study selection process based on PRISMA guidelines

Characteristics of the included studies

All included articles were published between 2015
and 2023. The mean+SD age range is demonstrated in
Table 1. The majority of patients were male. The toxic-
ity onset time range was from 2 (0-9) to 371 (369-372)
days. Table 1 summarizes the key characteristics of the
included studies, highlighting the variety of CAR-T ther-
apies, patient demographics, and follow-up durations.

Primary outcomes

Types of cardiovascular events

Among the identified CVEs, the most prevalent were
arrhythmias (54%), heart failure (33%), and cardiomyo-
pathy (20%). Figure 2 illustrates the distribution of CVE
across the included studies [9-14, 20-36].

Incidence of other cardiovascular events

Our analysis revealed varying incidences of specific CVE
in patients treated with CAR T-cell therapy. The analysis
showed a prevalence rate of 17% for atrial fibrillation (95%
CIL: 8%—29%), 7% for cardiac arrest (95% CI: 2%—14%),
30% for heart failure (95% CI: 16%—47%), and 2% for car-
diac mortality (95% CI: 1%—3%) in patients received CAR
T-cell therapy. The pooled estimates for different out-
comes are presented in Figs. 2 and 3 (completely in the
Supplementary Table 1).

Secondary outcomes

Risk of CRS >2

Meta-analysis of 11 studies showed patients in the
CVE group have a higher incidence of CRS>2 during
their CAR T-cell therapy (RR: 2.36; 95%CI: 1.86-2.99;
12=67%) [11-13, 20, 22, 25-27, 29, 31, 33-35] (Fig. 4).

Risk of cardiac mortality

The risk of cardiac mortality following CAR T-cell ther-
apy was compared between CVE and non-CVE groups.
The results of our meta-analysis showed there was no
significant difference between groups regarding the inci-
dence of cardiac mortality (RR: 0.95; 95%CI: 0.21-4.27;
12=73%) [10-13, 24, 25, 29, 33, 35] (Fig. 5).

Length of ICU hospitalization

Meta-analysis of 3 effect sizes showed no significant dif-
ference between CVE and non-CVE groups regarding the
length of ICU hospitalization, with a mean duration of 7.5
days (SMD: 0.40; 95% CI: -0.46 to 1.26) [9, 11, 31] (Fig. 6).

Left ventricular ejection fraction (LVEF)

To explore the predictive value of Left Ventricular Ejec-
tion Fraction (LVEF) on CVE, we evaluated whether
there was a difference between LVEF at baseline between
those who experienced CVE vs those who did not. We
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Fig. 2 Forrest Plots for Incidence of Cardiac Adverse Effects
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Experimental Control
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schuster 2017 (follicular lymphoma) 4 8 12 20 —— 0.83 [0.38;1.82] 5.9%
Alvi 2019 17 17 38 120 = 3.13 [2.41;4.06] 13.4%
Lee 2023 6 1 25 79 T 1.72 [0.92; 3.23] 7.5%
Ganatra 2020 11 12 75 175 = 2.14 [1.68;2.72] 13.7%
Mahmood 2023 23 33 56 169 . 3 2.10 [1.54;2.87] 12.5%
Shalabi 2020 6 6 17 3 =+ 1.80 [1.32;2.46] 12.5%
Patel 2023 1 9 22 66 0.33 [0.05;2.18] 1.5%
Qi 2021 29 33 23 93 - 3.55 [2.44;5.18] 11.4%
Steiner 2022 9 27 14 138 —E— 3.29 [1.59;6.81] 6.4%
Lee 2023 6 11 10 67 ——— 3.65 [1.67;8.02] 5.8%
Lefebvre2023 2 2 11 42 = 3.70 [2.26;6.05] 9.4%
Random effects model 169 1000 = 2.36 [1.86; 2.99] 100.0%
Heterogeneity: /? = 67%, 1> = 0.0923, p < 0.01 I I I I
0.1 051 2 10
Fig. 4 Binary cytokine release syndrome (CRS)
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Fig.5 Binary cardiac mortality
CVE No CVE Hedges's g Weight

Study N Mean SD N Mean SD with 95% CI (%)

Steiner 2022 27 21.3925 121316 138 10.4057 9.739%4 —— 1.08[ 0.65, 1.50] 37.58

Burstein 2018 7 4316 771575 17 31.1818 46886 —l— 0.20[-0.65, 1.06] 28.17
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Heterogeneity: 7° = 0.38, I = 80.36%, H> = 5.09

Testof 8, = 6;: Q(2) = 12.27, p=0.00

Testof86=0:z=1.01,p=0.31

1 0 1 2

Random-effects REML model
Fig.6 Length of ICU stay

found that patients who experienced CVE during the -0.20; 95% CI: -0.46 to 0.06) [11-14, 26, 27, 31, 33, 34]
CAR T-cell regimen did not have statistically significantly ~ (Fig. 7A and B). A random effects model was applied
lower LVEF at baseline than the non-CVE group (SMD:  to three studies that had LVEF assessment after CAR
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A)  LVEF Baseline

CVE No CVE Hedges's g Weight

Study N Mean SD N Mean SD with 95% CI (%)
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B) LVEF Baseline Funnel plot
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C) LVEF after CAR-T cell therapy
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Random-effects REML model
Fig. 7 LVEF at baseline and after CAR T-cell therapy



Maleki et al. Cardio-Oncology (2024) 10:52 Page 16 of 21
A BNp B) CRP
CVE No CVE Hedgessg  Weight CVE No GVE Hedges'sg  Weight
Study N Mean SD N Mean SD with 95% CI (%) Study N  Mean SD N Mean SD with 95% CI (%)
Patel2023 9 149.975 161816 66 61.8239 629055 [ ] 109 038, 180] 2462 ~ Manmood2023 33 18745 31773 169 75115 89728 B 074[ 036, 1.12) 2061
Alvi 2019 17 163.749 163.293 120 111.077 72.0359 = 0.48[-0.03, 0.99] 1587
Lee 2023 1" 288 340 67 139 301 —i— 0.48[-0.15, 1.12] 27.53 Patel 2023 9 1854 19243 66 35295 60632 - 0.29[-0.98, 0.40] 11.04
Burstein 2018 7 126345 222287 17 728571 903769 - 037[-049, 123] 1988  Steiner2022 27 128574 726244 138 121516 928949 = 0.08[-033, 0.49] 19.34
= Lee 2023 11 19206 27144 67 14705 23487 - 019[-0.44, 0.82] 1238
Lee 2023 11 667223 737969 79 725006 95.9023 -0.06 [ 9 69‘ 0 56] 27.9% Burstein 2018 7 269771 128596 17 268074 121257 L 0.01[-084, 0.86] 823
Overall BN 0.46[-0.03, 0.94] Lee 2023 11 31148 44108 79 29754 37757 ] 0.04[-0.59, 0.66] 12.54
Heterogeneity: 12 = 0.12, I = 48.11%, H* = 1.93 Overall R ) | - 024[-0.04, 052
_ _ _ Heterogeneity: 7° = 0.06, I” = 45.46%, H" = 1.83
Testof 6,=6; Q(3)=5.73,p=0.13 Testof 8, = 6 Q(6) = 10.81, p = 0.09
Testof 6=0:2=1.85p=0.06 Testof 8 =0:z = 1.68, p = 0.09
K] 0 1 2 1 5 0 5 1
Random-effects REML model
Random-effects REML model
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Fig. 8 Cardiac Biomarkers and Other Laboratory Tests Level Changes

Table 2 Newcastle-Ottawa Scale (NOS) risk of bias assessment
of the included cohort studies

Author, Year Selection Comparability Outcome Total
(0-4) (0-2) (0-3) score

(0-9)

Fitzgerald 2017 [21]
Burstein 2018 [9]
Alvi 2019 [26]

Lee 2023 [35]
Ganatra 2020 [11]
Lefebvre 2020 [14]
Mahmood 2023 [13]
Shalabi 2020 [27]
Goldman 2021 [10]
Maude 2018 [24]
Patel 2023 [12]

Qi 2021 [29]

Ragoonanan 2022
(32]

Steiner 2022 [31] 3
Brammer 2021 [30] 3
Lee 2023 [33] 3
Lefebvre 2023 [34] 4
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8

Good quality: 3 or 4 stars in selection domain AND 1 or 2 stars in comparability
domain AND 2 or 3 stars in outcome domain, Fair quality: 2 stars in selection
domain AND 1 or 2 stars in comparability domain AND 2 or 3 stars in outcome
domain, Poor quality: 0 or 1 star in selection domain OR 0 stars in comparability
domain OR 0 or 1 stars in outcome domain

Random-effects REML model

T-cell therapy. The CVE group had a statistically signifi-
cant decrease in LVEF compared to the non-CVE group
(SMD: -0.94; 95% CI: -1.46,—0.42) [11, 13, 14] (Fig. 7C).

Cardiac biomarkers and laboratory data

In the meta-analysis of cardiotoxicity due to CAR T-cell
therapy, elevated levels of BNP and CRP were observed
in the CVE group, though the effects were modest
(SMD_BNP: 0.46, 95% CI [-0.03, 0.94]; SMD_CRP: 0.24,
95% CI [-0.04, 0.52]) [9, 12, 13, 26, 31, 33, 35] (Fig. 8A and
B). Creatinine levels showed a substantial increase in the
CVE group (SMD: 1.09, 95% CI [0.63, 1.55]), suggesting
potential renal involvement [12, 33, 34] (Fig. 8C). Ferritin
levels also exhibited a notable rise (SMD: 0.7, 95% CI [0.1,
1.3]), indicating a possible association with inflammatory
processes in cardiotoxicity [9, 12, 13, 31, 33] (Fig. 8D).

Publication bias

Funnel plots and the Egger test did not reveal significant pub-
lication bias, indicating that the included studies were dis-
tributed symmetrically around the pooled effect estimate. A
funnel plot for each outcome with at least 10 effect sizes along
with the Egger test is available in a supplementary file (Fig. 3).

Methodological risk of bias

The outcomes of quality assessments, applying the ROB-
INS-I tool for non-randomized Clinical Trials and NOS for
observational cohort studies, are depicted in Tables 2 and 3.
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Table 3 ROBINS-ITool, risk of bias assessments of the non-randomized clinical trials

Study D1:Bias D2: Bias in D3:Bias in D4: Bias due D5:Biasdue  D6:Biasin D7:Bias in Overall

due to selection of classification  to deviations  to missing measurement selection of

confounding  participants of from intended data of outcomes  the reported

into the study interventions interventions result

Lee 2015 [20] Low Moderate Low Low Low Moderate Low Moderate
Neelapu 2017 Low Low Low Low Low Moderate Low Low
[23]
Schuster 2017 Low Low Low Low Moderate Moderate Low Moderate
[22]
Locke 2018 [25] Low Low Low Low Low Moderate Low Low
Stephan Grupp  Low Low Low Low Moderate Moderate Low Moderate
2020 [28]
NOELLE Frey Low Moderate Low Low Low Moderate Low Moderate
2023 [36]
Discussion Malignancies often exhibit dysregulation of checkpoint

This systematic review and meta-analysis demonstrated
a high incidence of cardiovascular toxicity, particularly
arrhythmias (54%), heart failure (30%), and cardiomyo-
pathy (20%), associated with CAR T-cell therapy. Our
pooled analysis aligns with prior evidence that CRS pro-
voked by CAR-T cell activation mediates downstream
myocardial injury, with CRS grade>2 conferring over
twice the risk of CVE. Additionally, notable post-treat-
ment declines in LVEF among patients experiencing
CVE substantiate the importance of cardiac monitor-
ing. Overall, these data add to the growing literature on
the pathophysiology, risk factors, predictive indicators,
and management priorities for cardiovascular toxicities
related to novel CAR-T cell regimens. Given the high
prevalence of cardiotoxicity associated with CAR-T
cells, our findings support baseline cardiac biomarker
monitoring with BNP, troponin, ECG, and baseline echo
as noted in the 2022 ESC cardio-oncology guidelines
[37]; and these can be followed to evaluate for signs of
cardiotoxicity.

Cardiotoxicity associated with CAR T-cell therapy is a
multifaceted and intricate phenomenon that involves a
variety of interrelated processes. Although CAR-T ther-
apies have been remarkably effective in treating some
hematological cancers, there is growing concern about
how these treatments may affect the cardiovascular sys-
tem. CRS, endothelial activation and dysfunction, direct
myocardial inflammation and injury, and cardiotoxic
cytokine release such as TNF-a and IFN-y are some
mechanisms of cardiotoxicity due to CAR T-cell therapy
[2, 4, 38]. Current research points to immune checkpoint
regulation modifications that could exacerbate these det-
rimental effects on the heart [39]. Molecular pathways
called immune checkpoints regulate T-cell activation
under physiological conditions to prevent uncontrol-
lable autoreactivity and preserve self-tolerance [40].

molecule expression, which facilitates immune evasion.
Anti-PD1, anti-CTLA4, and other checkpoint inhibitors
assist in changing this process to increase anti-cancer
immunity [41]. Nevertheless, prior research in the con-
text of CAR T-cell therapy demonstrates that the combi-
nation of checkpoint inhibition and increased immune
stimulation can worsen both the severity of CRS and
myocardial inflammation induced by CAR T cells [1, 42].
PD-1 aids in the regulation of cytotoxic activities, apop-
tosis, and cellular metabolism. Thus, PD-1 blockade may
increase CAR T cell cytokine production and metabolic
stressors, which could indirectly increase cardiotoxic-
ity [43-45]. Furthermore, CTLA-4 and PD-1 typically
protect T cell-mediated myocarditis [46]. Thus, inhib-
iting these checkpoint pathways in addition to CAR
T-cell therapy may reduce the body’s natural defenses
against myocardial damage caused by dysregulated CAR
T cells [1]. Investigations have linked the use of check-
point inhibitors to a higher risk of life-threatening car-
diac events, severe CRS, and early-onset cardiotoxicity in
patients receiving CAR T-cell therapy [47, 48]. Guo et al.
[49] showed cardiotoxicity occurred in 16.7% of patients
across eight studies, which was in line with our results.
We noted the most common cardiovascular patholo-
gies encountered were arrhythmias (6.5%), cardiomyo-
pathy/heart failure (6.5%), and acute coronary syndrome
(ACS)/ myocardial infarction (MI) (2.9%). Patients
receiving CAR T-cell therapy had a high prevalence of
arrhythmia (54%), heart failure (30%), sinus tachycar-
dia (44%), and ACS (10%), which serve as surrogates for
overall cardiotoxicity. Following CAR-T cell therapy,
several CV problems have been documented, including
high troponin arrhythmia, sudden cardiac death, and left
ventricular (LV) dysfunction [50]. Sinus tachycardia and
arterial hypotension can be primarily understood as con-
sequences of CRS, while they can arise as independent
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CV toxicities. Tachycardia and low peripheral resistance
are two systemic CRS consequences that strain the car-
diovascular system and exacerbate toxicity manifesta-
tion [26]. Therefore, there seems to be some overlap in
cardiovascular outcome trends but some discrepancies
in the exact incidence values. In terms of potential risk
factors, the article’s results and our findings both identify
cytokine release syndrome (CRS) as a risk factor for car-
diovascular toxicity. Our data suggest that higher grades
of CRS increase cardiotoxicity risk. The Guo et al. article
noted a twofold higher risk for CVE with CRS, which is
consistent with our results.

In the study by Chen et al. [51], most of the articles
that were included were conference abstracts; how-
ever, in our study, we excluded conference abstracts.
This meta-analysis reported an incidence of CVE of
25.6% with CAR T-cell therapy. Our results stated an
overall cardiovascular event rate of 16%. So, there is a
discrepancy between the two analyses, with the meta-
analysis suggesting a higher overall CV event burden.
For arrhythmias specifically, this meta-analysis noted
an incidence of 19.2%, compared to the 59% rate in our
results. Again, a large difference in the actual percentage
between the two analyses. Heart failure rates were more
closely aligned between the two analyses — the Chen et al.
study reported a 5.3% HF incidence, while our results
found a 30% incidence. Moreover, this article also looked
at outcomes like CV deaths (1.8%), ACS (2.5%), cardio-
myopathy (2.9%), and cardiac arrest (1.3%). We found a
7% cardiac arrest rate. The incidence of cardiac mortality
in our meta-analysis was 2% (95% CI: 1%—3%) and there
was no significant difference between groups regard-
ing the incidence of cardiac mortality. This finding may
provide insights into the optimal timing for administer-
ing preventive interventions, thereby reducing the risk of
elevated cardiac mortality following CAR T-cell therapy.
Moreover, we focused on cardiac mortality in CVE and
non-CVE groups after CAR T-cell therapy specifically.
The Chen et al. meta-analysis highlighted an increased
risk of CV events with higher grade (>2) CRS, aligning
with our findings that CRS severity impacts cardiotoxic-
ity risk, and also noted a very high prevalence (87.5%) of
CRS among patients experiencing cardiovascular issues.
Our results found that 42% of CV events were associated
with CRS > 2.

Compared to the above meta-analysis, our results
substantiate conclusions from earlier analyses regard-
ing the role of severe CRS as an intermediary event
predisposing patients to cardiotoxicity after CAR T-cell
therapy. We did not find a statistically significant dif-
ference in cardiac mortality between patients with and
without CVE. However, only a few studies included
assessed this outcome, warranting further investigation.
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Regarding hospitalization, cardiovascular event sta-
tus did not impact the duration of ICU stay following
CAR-T cell infusion. Exploring potential predictors, we
found that patients experiencing CVE had similar LVEF
at baseline compared to event-free patients. However,
the CVE group demonstrated a notable decline in LVEF
following CAR T-cell therapy. Therefore, LVEF changes
could serve as a meaningful dynamic indicator for car-
diotoxicity risk stratification. Due to our results, moni-
toring LVEF changes may serve as a valuable predictor
for identifying individuals at an elevated risk of cardio-
vascular complications following CAR T-cell therapy.
Further research is warranted to establish the utility of
LVEEF as a routine monitoring tool in this context.

Moreover, our review highlights trends of elevation in
BNP, CRP, creatinine, and ferritin levels among patients
with CVE relative to others. These laboratory markers
may have utility in the early detection of CAR T-cell ther-
apy-associated cardiotoxicity. Mahmood et al. [13] and
Lee et al. [35] focused specifically on cardiac and inflam-
matory biomarkers and CVE after CAR T-cell therapy in
their recent studies. Nonetheless, additional studies are
needed to define specific cut-offs for clinical application.
Our results provide valuable insights into the association
between cardiotoxicity in CAR T-cell therapy and the
levels of BNP, CRP, creatinine, and ferritin and highlight
specific biomarker trends in CAR T-cell therapy-related
cardiotoxicity.

In the recent Lee et al. [33] study, multivariable analy-
ses showed that cardiac events negatively impacted over-
all survival (OS) and progression-free survival (PES),
respectively. Their findings imply that cardiac events may
result in worse PFS or OS; however, the small sample size
limited the power to detect an association.

Many studies commonly employ tocilizumab and
steroids to address cardiac events following CAR T-cell
therapy. Lefebvre et al. [34] in their latest study that as
patients were closely monitored and treated for CRS,
suspected to be a major contributor to major adverse
cardiovascular events (MACE), the incidence of MACE
would also decrease. According to our findings, cardiac
mortality did not significantly differ among the groups.
This lack of statistical significance may be attributed to
the effective management and control of cardiac adverse
effects. Consequently, these results imply that the novel
cancer therapy under consideration may be deemed
safe, provided that practitioners possess a comprehen-
sive understanding of the associated adverse effects and
employ appropriate management strategies. However,
the available data are insufficient for a comprehensive
analysis of the correlation between these treatments and
improvements in the prognosis of patients with cardiac
adverse effects after CAR T-cell therapy. Consequently,
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we recommend future studies to delve deeper into this
aspect. Additionally, there is a call for further research
inquiries into the association between overall survival
(OS) and progression-free survival (PFS) and the inci-
dence of cardiac events following CAR-T cell therapies.

Limitations

This meta-analysis has certain limitations worth not-
ing. In our analysis, we observed high incidence rates for
arrhythmia (54%), heart failure (30%), and cardiomyo-
pathy (20%) as cardiac adverse events post CAR T-cell
therapy. These outcomes may be influenced by various
confounding factors, such as patient age and pre-existing
cardiovascular conditions. During our quality assess-
ment, studies that adjusted for these confounding vari-
ables were rated higher in the quality assessment. This
highlights the importance of considering patient demo-
graphics and baseline medical history when interpret-
ing the incidence rates of cardiac adverse events. There
was substantial heterogeneity among the included stud-
ies concerning aspects like CAR-T cell production tech-
niques, conditioning regimens, completeness of cardiac
imaging pre and post-CAR-T, follow-up approaches, and
definitions of CVE. We applied random-effects models
to account for between-study variability where appropri-
ate. The majority of included studies were retrospectively
designed, with inherent biases. Publication bias assess-
ment was also restricted for some outcomes due to the
small number of eligible studies. These factors could
impact effect size estimations. Furthermore, data on the
long-term trajectory of cardiovascular outcomes beyond
the initial hospitalization period was scarce. Finally, the
predictive accuracy of LVEF declines and biomarker
trends requires further validation through higher-quality
prospective research.

Conclusion

These results highlight the urgent need for careful obser-
vation, prompt diagnosis, and specialized treatment plans
to mitigate the effects of cardiotoxicity in the CAR T-cell
regimen. To further elucidate mechanisms, risk factors,
and ideal management strategies, prospective studies with
standardized methodologies should be given priority in
future research. In the ever-changing field of cancer treat-
ment, improving the safety and effectiveness of CAR-T
cell therapies requires integrating biomarker evaluations,
clinical parameters, and cardiovascular monitoring.
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