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Abstract 

Background CD19 CAR T-cell therapy is a novel anti-cancer treatment that has produced remarkable responses 
in relapsed or refractory B-cell hematological malignancies. Cytokine Release Syndrome (CRS) is a dysregulated 
immune response that frequently occurs after CAR T-cell infusion. It can cause cardiac dysfunction and circulatory 
collapse negatively impacting outcomes and survival. To endure the insults of CRS, patients are typically screened 
for adequate cardiac reserve before treatment. The relationship between baseline cardiac function by echocardiogra-
phy and the development of moderate to severe presentations of CRS is unclear.

Methods This study aimed to identify baseline echocardiographic variables that can predict the development 
of hemodynamically significant CRS (CRS ≥ 2), evaluate their behavior at follow-up, and investigate the incidence 
of cancer therapy-related cardiac dysfunction (CTRCD). An observational retrospective cohort study of patients 
treated with CD19 CAR T-cell therapy with a baseline echocardiogram was performed. Demographic, clinical 
and echocardiographic variables were abstracted from the electronic health record. Patients were grouped and com-
pared by the occurrence of CRS < 2 and ≥ 2. Adjusted logistic regression analysis was used to evaluate the association 
between echocardiographic variables and the development of CRS ≥ 2.

Results 291 patients were included in the study. Median age was 60 (IQR: 51, 67 years), 73% were male, and 71% had 
diffuse large B-cell lymphoma. Logistic regression analysis did not reveal any significant baseline echocardiographic 
predictors of CRS ≥ 2, including left ventricular ejection fraction and global longitudinal strain. Systolic and diastolic 
echocardiographic variables remained within normal limits at follow-up overall and in both CRS groups. The incidence 
of CTRCD was 4.5% and occurred mostly in the setting of CRS ≥ 2.

Conclusion No specific echocardiographic variables predicted the development of CRS ≥ 2, and therefore the mech-
anism leading to hemodynamic decompensation and producing worsening hypoxia and hypotension could be 
multifactorial and not directly cardiac mediated.
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Introduction
CD19-directed Chimeric Antigen Receptor (CAR) 
T-cell therapy has revolutionized the treatment of B-cell 
derived hematological malignancies in recent years 
[1–3]. This innovative therapy involves genetically engi-
neering the patient’s own T-cells to express receptors 
targeting cancer antigens, thereby enhancing their abil-
ity to identify and eliminate tumor cells. Upon activation, 
CAR T-cells trigger a systemic increase in inflammatory 
cytokines and chemokines, such as IL-6, IL-10, interferon 
gamma, among others, which recruit and activate local 
immune cells like monocytes and macrophages to aid in 
tumor cell lysis [4, 5]. However, this immune response 
can lead to severe adverse effects, most notably Cytokine 
Release Syndrome (CRS), characterized by fever, hypo-
tension, and hypoxia (Table 1), which can result in trans-
fer to specialized intensive care units [6, 7].

The incidence of CRS varies widely depending on fac-
tors such as the specific CAR T-cell therapy used and 
patient characteristics, with rates ranging from 37 to 93% 
in various studies [2, 6, 8–11]. Risk factors for moder-
ate to severe forms of CRS (CRS ≥ 2) include high tumor 
burden, high CAR T-cell dose, thrombocytopenia, prior 
lymphodepleting chemotherapy regimens, and older 
patient age [2, 5, 12]. Importantly, CRS can also precipi-
tate significant cardiovascular complications, particularly 
in patients with pre-existing cardiac conditions such as 
hyperlipidemia, coronary artery disease, aortic stenosis 
and hypertension [6, 8, 11, 13–17].

The relationship between the heart and CRS is com-
plex and an active area of research. The mechanism of 
cardiotoxicity in CRS primarily involves IL-6-mediated 
endothelial activation, which can lead to capillary leak-
age, complement activation, coagulation disturbances, 
hypotension, and myocardial dysfunction [4, 18–20]. 

Cardiovascular complications associated with CRS 
include hypotension, sinus tachycardia, elevated tro-
ponin levels, cardiomyopathy or cancer therapy-related 
cardiac dysfunction (CTRCD), decompensated heart fail-
ure, arrhythmias (most commonly atrial fibrillation), and 
in severe cases, cardiovascular death [6, 16, 17, 21–23]. 
To endure this wide range of potential cardiovascular 
complications brought on by CRS, assessment of cardiac 
function has become a pillar for state-of-the-art manage-
ment of patients treated with CAR T-cell therapy.

Transthoracic echocardiography (TTE) plays a crucial 
role in assessing cardiac function before, during, and 
after CAR T-cell therapy due to its noninvasive nature 
and widespread availability [24, 25]. Recent guidelines 
emphasize the use for TTE for baseline cardiac evalua-
tion in all patients undergoing CAR T-cell therapy, par-
ticularly those with known cardiovascular risk factors, as 
well as for monitoring patients who develop moderate to 
severe CRS (CRS ≥ 2) [25].

Currently, we have a limited understanding of the echo-
cardiographic profiles and cardiac dynamics of patients 
treated with CAR T-cell therapy. While myocardial dys-
function associated with CRS may revert to baseline in 
many cases, suggesting a self-limiting process, severe 
deterioration leading to fatal outcomes can occur [12, 
15]. Although cardiotoxicity usually occurs in the con-
text of CRS, it is unclear if baseline cardiac function plays 
a role in mitigating or propagating the hemodynamic 
effects of CRS.

The aim of this study was to identify baseline echo-
cardiographic variables that predict the development of 
CRS ≥ 2, evaluate their evolution over time, and assess 
the incidence of CTRCD based on updated guideline 
definitions in adult patients treated with CD19 CAR 
T-cell therapy. Characterizing these parameters and 

Table 1 ASTCT 2019 Consensus Grading for Cytokine Release Syndrome

Adapted from: D.W. Lee et al. / Biol Blood Marrow Transplant 25 (2019) 625–638

CRS Parameter Grade 1 Grade 2 Grade 3 Grade 4

Fever Temperature ≥ 38 °C Temperature ≥ 38 °C Temperature ≥ 38 °C Temperature ≥ 38 °C

With

 Hypotension None Not requiring vasopressors Requiring a vasopresor with or without 
vasopressin

Requiring multiple vasopressors 
(excluding vasopressin)

And/or

 Hypoxia None Requiring low-Flow nasal 
canula or blow-by

Requiring high-flow nasal cannula, face 
mask, non-rebreather mask, or Venturi 
mask

Requiring positive pressure (eg. CPAP, 
BiPAP, intubation and mechanical 
ventilation)
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understanding their predictive power could guide the 
development of tailored approaches to enhance patient 
safety and treatment efficacy in the era of CAR T-cell 
therapy.

Materials and methods
Study design
This is a retrospective observational longitudinal cohort 
clinical study. We included adult patients treated between 
April 2018 and December 2022 with commercial CD19 
CAR-T products for refractory or relapsed aggressive 
B-cell hematological malignancies at Mayo Clinic that 
had a baseline transthoracic echocardiogram (TTE). 
Patients were extracted from the Mayo Clinic database 
using the Current Procedural Terminology (CPT) codes 
for inpatient and outpatient administration of autologous 
CAR T-cell products. Patients < 18 years of age, without 
baseline TTE performed at our institution, treated for 
other malignancies, or with investigational CAR T-cell 
therapies were excluded.

CTRCD was defined as per the ESC 2022 Guidelines 
on Cardio-Oncology during the index hospitalization or 
readmission in the following thirty days [25]. CTRCD 
is classified as: Severe (new LVEF reduction to < 40%), 
Moderate (new LVEF reduction by ≥ 10% to 40–49% or 
reduction of < 10% to 40–49% and new relative decline in 
GLS by > 15% or new rise in cardiac biomarkers) or Mild 
(LVEF ≥ 50% and new relative decline in GLS by ≥ 15% 
and/or new rise in cardiac biomarkers) [25]. Baseline 
demographic, oncologic, CV characteristics and in-hos-
pital complications were systematically abstracted from 
the electronic medical record (EMR) via detailed chart 
review by dedicated research personnel.

Baseline characteristics
Variables included age (in years at the time of CAR-T 
treatment), sex assigned at birth, race, patient reported 
ethnicity and type of cancer. Exposure to prior cardio-
toxic treatments such as anthracycline containing chem-
otherapy regimens, chest and/or neck radiation, and 
history of stem cell transplantation was recorded. Estab-
lished cardiovascular disease and risk factors included for 
analysis were prior diagnosis of hypertension, hyperlipi-
demia, diabetes, smoking status, history of cardiomyopa-
thy, coronary artery disease, arrhythmias and body mass 
index at the day of CAR T-cell infusion.

Transthoracic echocardiography studies
Baseline echocardiograms were defined as the first avail-
able TTE performed at our institution before CAR T-cell 
infusion. The following TTEs after CAR T-cell infu-
sion with LVEF measurement were included for com-
parison when available. TTEs where image quality was 

not adequate were excluded. All echocardiograms were 
performed by a registered diagnostic cardiac sonogra-
pher following the recommendations of the American 
Society of Echocardiography using commercially avail-
able echocardiography machines at Mayo Clinic [26]. 
Echocardiographic measurements included were LVEF, 
left ventricular end systolic dimension (LVESD), left 
ventricular end diastolic dimension (LVEDD), left atrial 
volume index (LAVI), right ventricular systolic pressure 
(RVSP), diastolic transmitral flow velocity (E/A), ratio of 
early mitral inflow to tissue velocity of the medial and lat-
eral mitral annulus (E/e’), tricuspid regurgitant velocity, 
cardiac index (CI), stroke volume index (SVI) and GLS by 
2D STE. When LVEF was reported in a range the aver-
aged value rounded up to the nearest unit was retrieved 
for analysis.

Cytokine release syndrome
CRS was retrospectively graded for all patients within 
30 days of CAR T-cell infusion according to the ASTCT 
2019 consensus criteria [7] (Table  1) with chart history 
and vital signs reported in the EMR. Days to peak CRS, 
neurotoxicity, hypoxemia, hypotension, use of immune 
modulatory drugs, Intensive Care Unit (ICU) admis-
sion, sepsis, and use of vasopressors were abstracted and 
described. For CRS grading, fever was defined as a tem-
perature of ≥ 38 degrees Celsius, hypotension was defined 
as a systolic blood pressure < 90 mmHg, and hypoxemia 
was defined as any respiratory imbalance requiring oxy-
gen supplementation regardless of a particular cutoff 
value by pulse oximetry. The absence of fever was consid-
ered as no CRS.

Statistical analysis
Continuous variables are presented as mean ± standard 
deviation (SD) or median (interquartile range [IQR]) 
according to data distribution. Categorical variables 
are presented as frequencies and percentages. Patients 
were grouped by the occurrence of CRS ≥ 2 and CRS < 2. 
Paired and unpaired Student’s t-tests or Wilcoxon rank-
sum tests were used to compare continuous variables, 
and Chi-squared or Fisher’s exact tests were used to 
compare categorical variables as appropriate. Univariate 
logistic regression analysis adjusted by age, sex and car-
diovascular risk factors was used to evaluate the asso-
ciation between echocardiographic variables and the 
development of CRS ≥ 2. Patients with a follow-up TTE 
were grouped into a sub-cohort for baseline and follow-
up TTE variable comparison. A p value of < 0.05 was 
considered statistically significant. All statistical analyses 
were performed using BlueSky Statistics® software ver-
sion 7.40.
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Results
We identified 291 patients treated with commercial CAR 
T-cell therapies for B-cell malignancies who were eligi-
ble for this study (Fig. 1). The median age at the time of 
CAR T-cell infusion was 60  years (IQR: 51 to 67  years) 
and most patients were male (197 [67%]) and white (255 
[88%]). 120 (41%) developed CRS ≥ 2, 123 (42%) devel-
oped CRS 1 (only fever) and 48 (17%) had no CRS. Dif-
fuse large B-cell lymphoma was the predominant cancer 
diagnosis (208 [71%]), and the primary CAR T-cell ther-
apy product administered was axicabtagene ciloleucel 
(215 [74%]) (Supplemental Table 1). The most prevalent 
cardiovascular comorbidities observed were prior smok-
ing history (102 [35%]), hypertension (97 [33%]), obesity 
(91 [31%], and dyslipidemia (75 [26%]). Post-infusion 
immunomodulation with tocilizumab and steroids was 
observed in 58% and 52% of all patients respectively. 
Patients that developed CRS ≥ 2 had statistically signifi-
cant higher rates of tocilizumab and steroid administra-
tion when compared to patients with CRS < 2 (p < 0.001) 
(Supplemental Table  6). No statistically significant 

association was observed between baseline cardiovas-
cular comorbidities and the development of CRS ≥ 2 
(Table 2).

All patients underwent baseline echocardiography, 
which occurred at a median 40  days before CAR T-cell 
infusion (IQR: 33–50 days). The mean LVEF was 60% (SD 
6) and GLS was −18.7% (SD 2.6) (Table 3). The remain-
ing systolic and diastolic parameters evaluated were also 
within normal range. No significant differences in base-
line echocardiographic variables were observed between 
patients who developed CRS ≥ 2 and those who did not 
(Table  3). Univariate logistic regression models evaluat-
ing the association for each of the diastolic and systolic 
baseline echocardiographic variables and the occurrence 
of CRS ≥ 2 were not statistically significant even after 
adjustment by baseline comorbidities and immunomod-
ulator administration (Supplemental Table 2).

A total of 114 patients had one or more post-CAR 
T-cell therapy follow-up TTE at a median time of 
5.7 weeks (IQR: 1.3, 28) after infusion. We observed sta-
tistically significant differences in RVSP, Stroke Volume 

Fig. 1 Cohort assembly. CAR T = Chimeric Antigen Receptor T-cell. TTE = transthoracic echocardiogram
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Index and tricuspid regurgitant velocity at follow-up for 
the entire sub-cohort, but the ranges for these variables 
were found to be within normal limits (Table  4). When 
comparing by CRS groups, time to follow-up TTE dif-
fered and patients with CRS ≥ 2 were more likely to have 
had an echocardiogram performed sooner than patients 
with CRS < 2 (2.1  weeks [IQR:1, 10.8] vs 16.5  weeks 
[IQR:4.3, 48], p < 0.001) (Supplemental Table  3). We 
observed a similar distribution of baseline characteris-
tics and clinical outcomes among CRS groups  (Supple-
mental Table  3). Among patients with CRS ≥ 2 (54%), 
no significant differences were observed in systolic 

echocardiographic parameters at follow up (Supplemen-
tal Table 4). We observed a modest increase in RVSP and 
a decrease in LAVI with statistically significant differ-
ences when compared to baseline (Fig. 2). However, these 
differences were within normal limits. In patients with 
CRS < 2 (46%), there was a modest reduction in Stroke 
Volume Index that was statistically significant, but this 
was within normal range and like the pattern observed 
for the sub-cohort (Supplemental Table 5).

A total of 13 patients (4.5%) developed CTRCD. Five 
patients exhibited Mild CTRCD, six patients developed 
Moderate CTRCD, and two patients developed Severe 

Table 2 Baseline characteristics of patients treated with CD19 CAR T-cell therapy

Data are n (%), mean (SD), or median (Q1, Q3). CAR T-cell Chimeric Antigen T-cell, CRS Cytokine Release Syndrome

BMI Body mass index

 Baseline characteristics of patients treated 
with CD19 CAR T-cell therapy

Entire cohort 
(n = 291) 

Post-CAR T CRS status 

CRS < 2  (n = 171). CRS ≥ 2  (n = 120). P value 

Age at CAR T-cell infusion 60 (51, 67) 60 (51, 66.5) 60 (51, 67) 0.879 

Males 194 (67%) 109 (64%) 85 (71%) 0.256 

White 255 (88%) 151 (88%) 104 (87%) 0.256 

Hispanic 17 (6%) 9 (5%) 8 (7%) 0.575 

BMI, kg/m2 27.8 (6.2) 27.8 (6.5) 27.8 (5.9) 0.690 

Obesity 91 (31%) 54 (32%) 37 (31%) 1.000 

Hypertension 97 (33%) 63 (37%) 34 (28%) 0.165 

Dyslipidemia 75 (26%) 42 (25%) 33 (28%) 0.588 

Diabetes 47 (16%) 33 (19%) 14 (12%) 0.105 

Smoking history 102 (35%) 58 (34%) 44 (37%) 0.708 

Atrial fibrillation 30 (10%) 17 (10%) 13 (11%) 0.440 

History of cardiomyopathy 18 (6%) 9 (5%) 9 (8%) 0.466 

Coronary Artery Disease 26 (9%) 17 (10%) 9 (8%) 0.536 

Table 3 Comparison of baseline pre-CAR T-cell infusion echocardiographic characteristics

Data are mean (SD) or days (Q1, Q3). CAR T-cell Chimeric Antigen T-cell, CRS Cytokine Release Syndrome 

Echocardiographic variable Total cohort (n = 291). Post-CAR T-cell CRS status 

CRS < 2 (n = 171). CRS ≥ 2 (n = 120) P value 

Left ventricular global longitudinal strain −18.7% (2.6) −18.6% (2.6) −18.9% (2.5) 0.487 

Left ventricular ejection fraction 60.1% (6) 60% (5.7) 60.3% (6.5) 0.481 

Left ventricular end diastolic dimension, mm 48.6 (5.6) 48.7 (5.7) 48.5 (5.4) 0.908 

Left ventricular end systolic dimension, mm 31.9 (4.7) 32.1 (4.9) 31.6 (4.3) 0.503 

Left atrial volume index, mL/m2 29.0 (9.3) 29.3 (10.1) 28.5 (8) 0.810 

Right ventricular systolic pressure, mmHg 28.1 (6.3) 27.8 (6.1) 28.5 (6.5) 0.677 

Cardiac Index, l/min/m2 3.2 (0.7) 3.2 (0.6) 3.2 (0.9) 0.646 

Stroke Volume Index, mL/m2 42.3 (8.0) 42.0 (7.4) 42.6 (8.7) 0.615 

Mitral E/e’ ratio (medial) 8.7 (3.2) 8.7 (3.1) 8.7 (3.3) 0.842 

Mitral E/e’ ratio (lateral)  6.4 (2.6) 6.4 (2.9) 6.5 (2.1) 0.248 

E/A ratio  1.0 (0.4) 1.0 (0.4) 1.0 (0.3) 0.907 

Tricuspid regurgitant velocity, m/sec 2.4 (0.7) 2.4 (0.8) 2.5 (0.6) 0.506 

Date of echocardiogram pre-CAR T-cell infusion 40 (33, 50) 41 (34, 49.5) 38 (32, 50.5) 0.107 
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CTRCD. Patients with Mild CTRCD were characterized 
primarily by a relative decrease in GLS with one patient 
exhibiting both a decrease in GLS and elevation in tro-
ponin. 5/6 patients with Moderate CTRCD were charac-
terized by a decline in LVEF ≥ 10% (two patients in this 
group also had troponin elevation) and one patient by a 
decline in LVEF < 10% and a decline in GLS. Two patients 
with Severe CTRCD had a decline in LVEF to less than 
40%, and one patient also had an elevation of cardiac 
biomarkers. Baseline and follow-up cardiac biomarkers 
were not routinely performed for all patients and were 
obtained at the discretion of the treating team. Toci-
lizumab administration was common among patients 
with CTRCD (77%, n = 10/13) with only one patient with 
Moderate CTRCD and two patients with Mild CTCRD 
not receiving it. Nine of the 13 patients (69%) who devel-
oped CTRCD also developed CRS ≥ 2 (p = 0.036, Sup-
plemental Table  6). Patients with CRS ≥ 2 had a higher 
incidence of Moderate and Severe forms of CTRCD 
compared to patients who developed CRS < 2 (Supple-
mental Table  6). No baseline echocardiographic vari-
ables, including strain, or comorbidities were found to be 
associated with the development of CTRCD. One patient 
who developed Moderate CTRCD returned to baseline 
LVEF by day 10, and another patient with Severe CTRCD 
showed an improvement in LVEF to less than 50%. No 
additional follow-up echocardiographic data was avail-
able for the remaining patients.

Discussion
To our knowledge, this is the first and largest study of 
patients treated with CD19 CAR T-cell therapies to 
evaluate the relationship between echocardiographic 
variables and the development of hemodynamically sig-
nificant CRS. The main findings were that no baseline 

echocardiographic variables were predictive for the 
occurrence of CRS ≥ 2, no overall clinically significant 
differences were observed in systolic and diastolic vari-
ables after CAR T-cell therapy, and the incidence of 
CTRCD was 4.5% for the cohort during the study period 
which mostly occurred in the setting of CRS ≥ 2.

Adult patients treated with CAR T-cells represent a 
complex clinical scenario from a Cardio-Oncology stand-
point as they are typically older, have overlapping risk 
factors for both cancer and cardiovascular disease, would 
have probably received previous cardiotoxic anti-cancer 
treatments, and could be severely compromised by the 
extent of their disease. Additionally, the mechanism lead-
ing to CAR T-cell activation is the same that produces 
toxicities, which makes efficacy and toxicity mechanisti-
cally intertwined [27, 28].

It is generally accepted that the main mediators of the 
clinical manifestations observed in CRS-related cardio-
toxicity are capillary leak syndrome, endothelial injury, 
and IL-6 mediated myocardial depression produced by 
abnormal cytokine release by CAR T-cells and surround-
ing immune cells upon antigen engagement [4, 5, 27, 29, 
30]. IL-6 alters  Ca2+ pathways that can reduce myocardial 
contractility and potentially result in diastolic dysfunc-
tion and arrhythmias [4, 20].  Tocilizumab, an anti-IL6 
receptor monoclonal antibody, is commonly used to curb 
the inflammatory response and recent studies support 
earlier administration without loss of CAR T-cell thera-
peutic efficacy [31].

Patients with greater CRS and toxicities resulting from 
increased CAR T-cell expansion were expected to have 
better survival and response rates. Yet, it has been dem-
onstrated that toxicity is not related to clinical responses 
and long-term progression free survival [11, 27, 32–34]. 
Theoretically, adequate cardiac reserve appears to be 

Table 4 Comparison of pre-CAR T-cell and post CAR T-cell echocardiographic variables

Data are mean (SD). CAR T-cell Chimeric Antigen T-cell, TTE transthoracic echocardiogram  

Echographic parameter Pre-CAR T TTE (n = 114) Post-CAR T TTE (n = 114) P value 

Left ventricular global longitudinal strain, %, mean (SD) −18.7 (2.99) −18.6 (2.94) 0.811 

Left ventricular ejection fraction, %, mean (SD)  59.4 (6.8) 58.6 (8.4) 0.246 

Left ventricular end diastolic dimension, mm, mean (SD)  48.3 (5.6) 48.0 (6.0) 0.485 

Left ventricular end systolic dimension, mm, mean (SD)  32.2 (5.0) 31.5 (5.2) 0.129 

Left atrial volume index, mL/m2, mean (SD)  29.9 (9.3) 28.5 (9.5) 0.393 

Right ventricular systolic pressure, mmHg, mean (SD)  27.4 (6.1) 30.1 (7.6) 0.007 

Cardiac Index, mean (SD)  3.2 (0.8) 3.2 (0.7) 0.561 

Stroke Volume Index, mean (SD)  41.7 (8.1) 38.7 (10.8) 0.008 

Mitral E/e’ ratio (medial), mean (SD)  8.6 (2.9) 8.1 (2.9) 0.210 

Mitral E/e’ ratio (lateral), mean (SD)  6.5 (1.9) 6 (1.6) 0.194 

E/A ratio, mean (SD)  1 (0.4) 1 (0.4) 0.834 

Tricuspid regurgitant velocity, m/sec, mean (SD)  2.34 (0.29) 2.44 (0.31) 0.024 



Page 7 of 11Daryanani et al. Cardio-Oncology           (2024) 10:91  

crucial to mitigate the hemodynamic effects of CRS, but 
this has not been reliably proven in clinical practice. We 
chose to address this gap in knowledge and study the 
inverse relationship, evaluating if any objective functional 
alteration by echocardiography at baseline could influ-
ence the degree of hemodynamic effects produced by 
CRS.

Studies evaluating echocardiographic variables in adult 
patients treated with CD19 CAR T-cells and their rela-
tionship to adverse cardiovascular outcomes have been 
scarce, small, and descriptive in nature. Recently, two pro-
spective studies have evaluated the cardiovascular effects 
of CAR T-cell therapy and their relationship to inflamma-
tion by CRS. Lefebvre and colleagues described a cohort 

Fig. 2 Echocardiographic systolic and diastolic parameters for patients with CRS ≥ 2 and CRS < 2. CAR T = Chimeric Antigen Receptor T-cell. 
CRS = Cytokine Release Syndrome. P values for paired Student’s t-tests comparing echocardiographic parameters in patients that developed CRS ≥ 2
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of 44 patients who had both echocardiograms and serum 
cardiac biomarkers performed before CAR T-cell infusion 
and repeated at 4 timepoints (2  days, 1  week, 1  month, 
and 6  months after infusion). 25% of patients developed 
CRS ≥ 2 and there were no baseline clinical or echocardio-
graphic differences between patients that developed CRS 
and those who did not. Longitudinal echocardiographic 
follow-up showed only subtle cardiac dysfunction dem-
onstrated by modest declines of GLS with a pattern of 
reversibility. No changes in LVEF were observed, however 
the authors noted that in 14 (32%) patients there was an 
increase in levels of NT-proBNP measured during CRS 
episodes when compared to baseline. Building on this 
study, Camilli et al. recently published the CARdio-TOX 
study in this journal where they recruited and followed 
27 adult patients receiving CD19 CAR T-cell therapy. 
[35] Patients also had echocardiograms and serum car-
diac and inflammatory biomarkers performed before and 
7 days after infusion. The primary outcome was the inci-
dence of CTRCD using the updated ESC Cardio-Oncol-
ogy definitions. The authors noted statistically significant 
increases in NT-proBNP and high-sensitivity troponin 
at 7  days post infusion. 59% of patients were diagnosed 
with CTRCD and had a higher prevalence of CRS ≥ 2 
compared to those who did not develop CTRCD. This 
high incidence of CTRCD in the acute period was largely 
due to the novel integration of serum cardiac biomarkers 
and echocardiographic measurements which reflects the 
full spectrum of clinical and sub-clinical myocardial dys-
function and the time-dependent nature of the observ-
able effects; this is a strength of this study. A limitation 
of this study is its short follow-up; however, further sur-
veillance of this cohort will likely contribute greatly to the 
understanding of potential long-term complications of 
the acute CRS-mediated adverse cardiac effects. Interest-
ingly, no correlation was observed between CTRCD and 
serum levels of IL-6. Previous retrospective studies have 
also aimed to elucidate the adverse cardiac dynamics after 
CAR T-cell therapy.

Patel and colleagues evaluated the association of 
baseline echocardiographic variables and adverse car-
diac events (CE) in 75 patients treated with CAR T-cell 
therapy for B-cell malignancies and multiple myeloma 
[36]. 10 CEs were reported in nine patients, however, 
their association to CRS grades was not described [36]. 
Lower GLS and higher MV E/e’ were associated with 
a higher risk of cardiac events. Higher grades of CRS 
(2–4) were underrepresented in this cohort, and no 
association was found between baseline echocardio-
graphic variables and CRS grades (defined as no CRS 
[Grade 0] vs Grade 1–2). This limits comparison with 
our study, which had a better representation of the 
clinical spectrum of CRS. Lefebvre et  al. described a 

retrospective cohort of 145 patients (78 had compre-
hensive baseline echocardiograms) evaluating clinical, 
laboratory, and echocardiographic parameters associ-
ated with major adverse cardiovascular events (MACE). 
[11] They observed a borderline significant association 
between MACE and higher mitral E/e’ ratio (HR: 1.15 
[1.00, 1.31], p = 0.046), and CRS > 2 was significantly 
associated with the development of MACE [11]. Alvi 
and colleagues in an earlier study described the car-
diac profiles of 137 patients who received CAR T-cell 
therapy. In the 129 patients with a pre–CAR T-cell 
TTE no significant differences in baseline echocardio-
graphic variables were found when comparing patients 
that developed CRS ≥ 2 with those who did not. 29 
patients had echocardiographic data pre and post CAR 
T-cell infusion, and CTRCD was reported in eight of 
these patients (5.8% of the cohort) who all developed 
CRS ≥ 2 and had elevated troponin levels [17]. Finally, 
in a study evaluating the development of CTRCD after 
CAR T-cell therapy, Ganatra et  al. described a cohort 
of 187 patients. CTRCD was reported in 12 patients 
(10.3%), and they were found to be older, with a higher 
prevalence of hyperlipidemia, hypertension and coro-
nary artery disease, and a higher incidence of CRS ≥ 2 
(11/12) [15]. In both the Alvi and Ganatra studies, 
CTRCD (or cardiomyopathy) was described as a new 
drop in LVEF by > 10% to an absolute value of < 50% 
which is why the prevalence is significantly lower than 
that observed by Camilli et al. All the cases of CTRCD 
observed in retrospective studies so far, including pedi-
atric patients, have generally demonstrated a self-limit-
ing and reversible pattern, with most patients returning 
to baseline LVEF levels. [12, 15] In summary, evidence 
suggests that there is a strong correlation between 
CRS ≥ 2 and the development of adverse cardiovascular 
outcomes. However, these findings have been described 
in relatively small patient populations, and the role of 
baseline cardiac function in relation to CRS has not 
been adequately established. In our study, we included 
a significantly larger patient cohort increasing statisti-
cal power. Although we did not observe a statistically 
significant association between baseline echocardio-
graphic variables and the development of CRS ≥ 2, 
our results are in line with those previously reported. 
We observed a relatively low incidence of CTRCD 
which more strongly correlated to the development of 
CRS ≥ 2, and in patients with serial TTEs there was a 
pattern of reversibility. An additional strength of our 
study was that as the CARdio-ToX study, CTRCD was 
defined as per the latest 2022 ESC Cardio-Oncology 
Guidelines which include GLS in addition to LVEF 
and represents a wider range of myocardial systolic 
dysfunction [37]. However, because this study was 
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retrospective in nature and echocardiograms and car-
diac biomarkers were not performed uniformly and at 
set intervals, the true incidence of CTRCD was most 
likely higher in our cohort as most patients were classi-
fied by variations in LVEF and GLS and did not primar-
ily rely in cardiac serum biomarkers.

Our results suggest that baseline cardiac function by 
echocardiography is not directly associated with the 
severity of CRS in this specific patient population, and 
thus the subsequent risk of cardiotoxicity may be inde-
pendently mediated by the other previously established 
predictive risk factors for CRS such as high disease 
burden, high CAR T-cell dose and high intensity lym-
phodepleting regimen [5, 16, 38]. This is also supported 
by the fact that in our study baseline cardiovascular 
comorbidities and prior cardiotoxic treatments did not 
predict worsening CRS levels, suggesting the involve-
ment of multifactorial pathways beyond baseline car-
diac function. Moving forward, pooled data analysis and 
further research is warranted to better understand the 
interplay between tumor burden, CAR T-cell dose, car-
diac comorbidities, and baseline cardiac function in the 
development of CRS. More prospective studies exploring 
whether post-CRS cardiotoxicity is non-cardiac mediated 
and rather driven by systemic inflammation, in a process 
akin to sepsis or COVID-19 [39, 40], will have important 
implications in increasing the eligibility of patients with 
cardiac disease.

Limitations to this study, as discussed, are its retro-
spective scope and the fact that the study population was 
derived from an integrated hospital network and was 
disproportionately white and male. Adequate cardiac 
function is part of the selection criteria for CAR T-cell 
infusion which leads to exclusion of patients with known 
clinical cardiac dysfunction. Additionally, because fol-
low-up echocardiograms were not routinely performed, 
the prevalence of CTRCD was likely underestimated, 
especially mild and moderate forms. However, given the 
rarity of the treatment, this study provides important 
insights and highlights the need to evaluate more inclu-
sive and diverse patient populations. Another challenge 
arises from the presence of missing data in some echo-
cardiographic variables due to technical limitations dur-
ing image acquisition which was duly reported. We chose 
to evaluate real-world data to ensure representativeness 
of this rare treatment scenario.

Conclusions
In conclusion, our study contributes significant find-
ings to the field of CAR T-cell therapy by examining the 
largest cohort of echocardiographic profiles to date. No 
specific echocardiographic variables, including LV GLS, 

predicted the development of CRS ≥ 2, and therefore 
the mechanism leading to hemodynamic impairment 
producing worsening hypoxia and hypotension could 
be multifactorial and independent from the baseline 
echocardiographic profile. Additionally, no overall sys-
tolic and diastolic variable compromise was observed 
after CRS ≥ 2 suggesting that there is no underlying or 
residual cardiac dysfunction after CAR T-cell therapy 
in this group of patients. We observed low incidence 
of CTRCD in this cohort, which primarily occurred 
in the setting of CRS ≥ 2, and therefore warrant closer 
monitoring. Considering the full clinical and subclini-
cal spectrum of myocardial dysfunction observed thus 
far, we propose a comprehensive pretreatment car-
diovascular evaluation that includes cardiac risk fac-
tor management, echocardiographic and serum cardiac 
biomarker measurement, and tailored clinical surveil-
lance and follow-up. This approach would most likely 
allow early identification of patients at risk and allow 
for prompt intervention to avoid adverse long-term 
cardiac outcomes.
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