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Abstract
Purpose of Review  To review the current and future role of cardiovascular magnetic resonance (CMR) assessment of immu-
notherapy cardiotoxicity.
Recent Findings  In patients who suffer from immune checkpoint inhibitor (ICI) myocarditis, pathologic CMR findings, 
including myocardial edema, reduced left ventricular ejection fraction (LVEF), late gadolinium enhancement (i.e., fibrosis 
and/or necrosis), and myocardial strain, are mostly subtle, but fulminant courses have been described. Individual cases of 
cardiotoxicity in chimeric antigen receptor (CAR) T cell therapy have also already been documented, but there are currently 
no studies addressing the role of CMR in CAR T cell therapy. There are also classes of immunotherapies for which no cases 
of cardiotoxicity are known yet, such as cytokines or adjuvants.
Summary  Together with patient symptoms, laboratory markers, electrocardiogram, and echocardiography, CMR is of high 
value in the diagnostic workup of immunotherapy-associated myocarditis in hemodynamically stable patients, according to 
recent guidelines. Additionally, quantitative strain analysis and T1 relaxation times with CMR can aid in assessing disease 
severity, prognosis, and patient outcomes with ICI-associated myocarditis. Future CMR studies on cardiotoxicity in CAR 
T cell therapy are needed.

Keywords  Cardiovascular magnetic resonance · Cardiotoxicity · Immunotherapy · Immune checkpoint inhibitors · 
Myocarditis · CAR T cell therapy

Abbreviations
CRS	� Cytokine release syndrome
CAR​	� Chimeric antigen receptor
CMR	� Cardiovascular magnetic resonance
irAE	� Immune-related adverse events
ICI	� Immune checkpoint inhibitor(s)
LGE	� Late gadolinium enhancement

LLC	� Lake Louise Criteria
LV	� Left ventricle/left ventricular
LVEF	� Left ventricular ejection fraction
MACE	� Major adverse cardiovascular events

Introduction

Besides traditional cancer treatment such as tumor resec-
tion, chemotherapy, and radiation therapy, cancer immuno-
therapy has become an established method to enable tumor 
regression in a broad spectrum of cancer types. Cancer 
immunotherapy utilizes immunomodulators to intervene in 
signaling pathways, which regulate the immune system’s 
activity. By targeting either brakes or gas pedals, immu-
nomodulators support or restore the immune system’s abil-
ity to find and eliminate cancer cells. Advantages of immu-
notherapy include the ability to target multiple different 
tumor entities and the thoroughness in removing micro-
scopic lesions and remaining tumor cells [1]. Additionally, 
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by restoring and improving the immune system, immuno-
therapy has led to improved survival rates [1].

Unfortunately, with all the new benefits that cancer 
immunotherapy offers, it also comes with potential draw-
backs for patients. With the increasing use of immune 
checkpoint inhibitors (ICI) a growing number of immune-
related adverse events (irAE) has been reported [2]. Com-
mon irAE include dermatologic, gastrointestinal, and 
endocrine toxicities, while neurotoxicity, pulmonary toxic-
ity, and cardiotoxicity are less common but more clinically 
significant. Cardiotoxicity is the most likely of the irAEs 
to take a fatal course, though thankfully this remains rare 
[3]. In addition to many other manifestations of cardio-
toxicity such as arrhythmia, acute coronary syndrome, or 
vasculitis, immunotherapy-associated myocarditis is the 
most reported cardiac side effect due to its high morbid-
ity and mortality [4]. Major adverse cardiovascular events 
(MACE) like arrhythmia, acute coronary syndrome, myo-
cardial infarction, or heart failure are documented in up to 
40% of patients suffering from ICI myocarditis, and result 
in death in 15 to 25% of cases [5–7]. Importantly, these 
numbers may be affected by selection bias in the cited 
studies based on the case series and registry study design. 
However, it is clear that clinically significant myocarditis 
must be diagnosed and managed promptly, increasing the 
importance of cardiovascular magnetic resonance (CMR) 
and other diagnostic tools. Studies show that MACE are 
also associated with chimeric antigen receptor (CAR) T 
cell therapy [8–10].

The traditional diagnostic repertoire for diagnosing 
myocardial inflammation as a side effect of immune ther-
apy traditionally consists of the determination of clinical 
and anamnestic findings, cardiac biomarkers, electrocar-
diogram, echocardiography, and endomyocardial biopsy 
[11–13]. Nowadays, CMR is mainly used to noninvasively 
characterize inflammatory myocardial tissue alterations, 
analyze involvement patterns, and give important insights 
into pathological remodeling processes. Previous stud-
ies have shown that CMR is an excellent tool for accu-
rately imaging cardiac side effects [14]. Furthermore, it 
is considered the reference standard for measuring ven-
tricular volumes and function making it ideally suited to 
assess adverse cardiac remodeling from cancer treatment 
[15–19]. To confirm the presence of inflammation and 
to document the extent and pattern of myocardial injury 
related to cancer immunotherapy, CMR is considered 
the imaging modality of choice in hemodynamical stable 
patients to diagnose side effects of cancer immunotherapy 
[20, 21].

This review provides a comprehensive overview of the 
role of CMR in patients with immunotherapy-associated 
cardiotoxicity focusing on ICI and CAR T cell ther-
apy–related side effects.

Cardiotoxic Effects of Immune Checkpoint 
Inhibitors and CAR T Cell Therapy

Today, a broad spectrum of immunotherapies is avail-
able, including targeted antibodies, cancer vaccines, 
oncolytic virus therapy, adaptive cell therapy, and 
immunomodulators. The latter includes, among other 
groups, ICI. CAR T cell therapy belongs to the adaptive 
cell therapy. Based on current data, this review examines 
CMR changes associated with immunotherapy cardio-
toxicity in ICI as well as early reports in CAR T cell 
therapy. Table 1 gives an overview of current ICI and 
CAR T cell therapies and their documented side effects 
in terms of cardiotoxicity.

Apart from ICI and CAR T cell therapy within the 
spectrum of immunotherapies, cardiotoxic effects have 
also been documented in individual cases with Toll-like 
receptor agonists, a class of immunomodulators [22]. 
Notably, cardiotoxicity has also been well documented 
in the context of therapy with monoclonal antibodies, 
including trastuzumab and alemtuzumab, that can be 
classified as both targeted therapy and passive immuno-
therapy [23–26].

Immune Checkpoint Inhibitors

Over the last years, ICI (i.e., monoclonal antibodies targeting 
programmed cell death protein 1 (PD-1), its ligand (PD-L1) 
or cytotoxic T lymphocyte-associated antigen 4 (CTLA-4)) 
have played an increasingly important role in cancer ther-
apy. ICI have been shown to improve therapy outcomes and 
overall patient survival [1, 27–29]. However, an increasing 
number of cardiac irAE (including myocarditis, myocardial 
infarction, heart failure, pericardial disease, and vasculitis) 
have been reported over the past few years with an incidence 
up to 1.14% [30, 31]. ICI-induced cardiotoxicity is distin-
guished by the highest death rate in irAE with 40 to 50% [32, 
33], which likely could be overestimated. Nevertheless, early 
detection and systematic reporting are crucial for therapy 
and outcome. If ICI myocarditis is suspected, immediate 
discontinuation of ICI therapy and early initiation of steroid 
therapy are often essential for patient recovery [11, 34–37]. 
However, other etiologies should be considered in parallel. 
The occurrence of Takotsubo cardiomyopathy in the context 
of ICI therapy has also been documented [38, 39]. Notably, 
in many cases of Takotsubo cardiomyopathy, the patients 
underwent combination therapy consisting of immunother-
apy and chemotherapy. In a recent meta-study, ICI was found 
to account for 9.7% of chemotherapy regimens that were 
involved in Takotsubo syndrome [40].
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CMR for Assessment of Cardiac Adverse 
Effects in Immune Checkpoint Inhibitors

The suspected diagnosis of ICI myocarditis is initially based 
on corresponding clinical symptoms, new troponin elevation 
(associated with cardiovascular symptoms or non-cardiovas-
cular irAE) and/or new abnormalities on electrocardiogram 
(e.g., tachyarrhythmias) [41, 42]. The European Society of 
Cardiology guidelines on cardio-oncology recommend that 
both echocardiography and CMR should be performed in 
patients with suspected ICI myocarditis [42]. Also, other 
causes of myocardial injury must be ruled out, e.g., coronary 
heart disease using coronary angiography. ICI myocarditis is 
defined by either pathohistological or clinical markers, the 
latter necessarily involving an increase in troponin accom-
panied by one major criterion or two minor criteria, illus-
trated in Table 2 [42]. Pathological inflammatory findings on 
CMR according to the updated Lake Louise Criteria (LLC) 
represent a major criterion. The updated LLC including T1 
and T2 mapping have been shown to improve the diagnos-
tic performance in comparison to the original LLC [16]. 
Although T1 relaxation times are a non-specific marker of 
myocardial disease, they have a high diagnostic performance 
to detect myocarditis in the appropriate clinical setting [43]. 
Not only can the occurrence of myocarditis itself be sug-
gested using the T1 relaxation times, but higher native T1 
relaxation times have previously correlated with more severe 
forms of myocardial injury and have been more commonly 
elevated than T2 values in patients with ICI myocarditis 
[44]. Studies have shown that abnormal T1 relaxation times 
in ICI myocarditis are associated with poorer cardiac func-
tion, more clinical symptoms, abnormal histopathology, and 
future development of MACE, suggesting that T1 relaxation 
time is one of the most powerful CMR outcome parameters 
[45–47, 46].

The presence of LGE in patients with ICI-related car-
diotoxicity has varied from 9 to 82% in analyzed studies, 
excluding case series [5, 6, 20, 21, 47–51]. Not only the 
presence but also the pattern of myocardial LGE matters 
for the detection of ICI myocarditis and differentiation from 
other cardiac pathologies. Cadour et al. compared CMR 
findings between patients with ICI myocarditis, patients with 
viral myocarditis, and patients prior to ICI therapy [49•]. 
LGE in ICI myocarditis patients was predominantly patchy, 
showed a subepicardial or midwall location, and was mainly 
septal and lateral [49•]. LGE localized in the ventricular 
septum was considered to be a possible predictor of MACE, 
defined as a composite of cardiovascular death, ventricular 
arrhythmia, complete atrioventricular block, and cardiogenic 
shock [49•]. Another study showed that LGE was present 
in 80% of patients with clinically diagnosed ICI myocardi-
tis and was commonly located in the mid-myocardial right 
ventricular insertion site (75%) [50•]. Although LGE was 
frequently detected in patients with ICI myocarditis, it did 
not correlate with other CMR parameters such as volumetry, 
visual edema, or left ventricular ejection fraction (LVEF) in 
particular [50•].

Complicating the diagnosis of clinically significant 
myocarditis, a prospective study of 22 patients undergo-
ing ICI treatment showed a high prevalence of subclinical 
myocardial inflammation in study participants. Only one 
patient developed fulminant myocarditis [20•]. An over-
all decreased LVEF between baseline and follow-up was 
observed (62% ± 7 vs 59% ± 7, p = 0.048). Additionally, dif-
fuse edema was detected in 9% and slight pericardial effu-
sion was detected in 41% [20•].

In most reported studies of ICI associated myocarditis, 
an absence of overt left ventricular dysfunction or only mild 
LVEF impairment has been observed at time of diagnosis [5, 
6, 20, 45, 46, 49, 50, 48].

While documentation of ICI myocarditis cases used 
to be presumptive and anecdotal, CMR in suspected ICI 

Table 2   Diagnosis of ICI 
myocarditis according to 2022 
European Society of Cardiology 
guidelines on cardio-oncology 
[42]

CMR, cardiovascular magnetic resonance; EMB, endomyocardial biopsy; irAE, immune-related adverse 
events; LLC, Lake Louise criteria; LVEF, left ventricular ejection fraction
† Incompletely meeting the LLC
* Including any of the following: cardiogenic shock, chest pain, diplopia, dizziness, fatigue, lower-extremity 
edema, muscle weakness, myalgias, orthopnea, palpitations, ptosis, shortness of breath, syncope
§ Including any irAE, particularly myasthenia gravis, myopathy, myositis

Clinical diagnosis Pathohistological diagnosis (EMB)

Troponin elevation with one major criterion or two minor criteria Cardiomyocyte loss
 + 
Multifocal inflammatory cell infiltrates

Major criterion Minor criteria
Findings of acute 

myocarditis on CMR 
according to updated 
LLC

- Suggestive CMR †
- Decline in LVEF
- Ventricular arrhythmia/cardiac arrest
- Clinical syndrome*
- Other irAE§
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myocarditis cases has been increasingly performed in clin-
ics in recent years due to growing awareness and standard-
ized guidelines. Another recent clinical study of patients 
who received ICI for small cell lung cancer (SCLC) or non-
small cell lung cancer (NSCLC) suggests that ICI myocar-
ditis might be underreported [52]. In the study, 99 patients 
were systematically screened for the presence of an ICI 
myocarditis based on electrocardiogram abnormalities, at 
least a threefold increase in troponin compared to the base-
line examination and cardiovascular symptoms. In case of 
conspicuous screening parameters, CMR, echocardiography, 
and coronary angiography were performed. A total of three 
patients were diagnosed with myocarditis, two of whom 
showed pathological CMR. Thus, the overall ICI myocardi-
tis incidence in this study was about 3%, while the estimated 
incidence documented in prior studies ranged from 0.01 to 
1%. While more patients were diagnosed with non-fulminant 
myocarditis with a standardized screening algorithm, there 
are currently no data to help better understand whether these 
patients would or would not develop fulminant myocardi-
tis if continued on immunotherapy. Given the significant 
improvement in cancer survival associated with immuno-
therapy, more studies will be needed to understand how to 
approach patients with early signs of myocarditis who are 
otherwise doing well on treatment. The study findings sug-
gest that CMR in combination with systematic screening in 
cancer patients with ICI therapy could lead to earlier detec-
tion of myocarditis. [52]. However, whether patients with 
subclinical myocarditis should stop immunotherapy treat-
ment or simply have closer monitoring is unknown.

Cardiotoxicity-related CMR findings from the recent lit-
erature are summarized in Table 3. The incidence of visual 
myocardial edema and T1 and T2 mapping alterations, 
respectively, varied widely among studies. In summary, 
only subtle CMR abnormalities are often observed in ICI 
myocarditis, as shown in Fig. 1. Interestingly, similar CMR 
characteristics are common in patients who were treated 
with ICI monotherapy and those who were treated with ICI 
combination therapy [6, 20].

CAR T Cell Therapy

CAR T cell therapy is a novel pillar of immunotherapy that 
has revolutionized the fight against cancer in recent years. 
For example, in the treatment of leukemia and B cell lym-
phoma, CAR T cell therapy has led to excellent clinical 
responses. Nevertheless, there are also major potential life-
threatening limitations such as cytokine release syndrome 
(CRS) or immune effector cell-associated neurotoxicity 
syndrome [53].

Cytokine Release Syndrome

CRS is a phenomenon that is triggered by activation of T 
cells and other immune cells, which leads to elevated blood 
levels of different cytokines. Clinically, CRS is described 
as “a disorder characterized by fever, tachypnea, headache, 
tachycardia, hypotension, rash, and/or hypoxia caused by 
the release of cytokines” [54]. Recently, the American Soci-
ety for Transplantation and Cellular Therapy published a 
consensus grading for CRS [54]. The severity of CRS can 
be subdivided into 4 grades (see Table 4). In adults with 
relapsed/refractory B cell lymphoma for example, CRS can 
occur in 58 to 93% of cases with severe CRS grades of 3 
or 4 in 13 to 22% [55, 56]. Although immune effector cell-
associated CRS may have a delayed onset, it rarely presents 
beyond 14 days after initiation of therapy [54]. Low-grade 
CRS can often be managed with supportive care alone, but 
in more severe cases, blockade of the IL-6 pathway and/or 
corticosteroid therapy are recommended [54, 57].

Cardiovascular Complications

Both autoimmune toxicities resulting from antigen-specific 
T cell infiltration of the heart and cytokine-mediated toxici-
ties are described in literature [9, 58].

Cytokine-associated cardiotoxicities have been 
described primarily in the context of CRS and might 
be the cause of most of the cardiovascular adverse 
reactions observed [9]. A retrospective study includ-
ing 137 patients investigated cardiovascular events in 
137 adults treated with CAR T cell therapy [9]. After a 
median time of 21 days after CAR T cell therapy initia-
tion, 12% of the patients had clinical apparent MACE. 
MACE included new-onset arrhythmia and heart fail-
ure, as well as decompensated heart failure and cardio-
vascular death. Elevated troponin levels were found in 
54% of the patients, while 28% had a decreased LVEF 
on echocardiography. Interestingly, all MACE occurred 
in patients with CRS grade ≥ 2 and troponin elevation 
was a risk factor for subsequent MACE. Another study 
examined 150 patients treated with CAR T cell ther-
apy for the occurrence of MACE, including new-onset 
arrhythmia, symptomatic heart failure, acute coronary 
syndrome, ischemic stroke, and cardiovascular death [8]. 
At a median time of 11 days after starting CAR T cell 
therapy, 21% of the patients experienced MACE. MACE 
was independently associated with CRS grades of 3 or 
4 and baseline creatinine. Overall survival after 1 year 
was 71% [8]. Another retrospective study analyzing 116 
patients with serial echocardiograms after CAR T cell 
therapy found that 10% of patients developed a decrease 
in LVEF (average decrease from 58 to 37%) indicat-
ing a CAR T cell therapy-associated cardiomyopathy, 
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mostly observed in patients with grade ≥ 2 CRS [59]. A 
study including 126 patients found that 10% of patients 
developed MACE after CAR T cell therapy including 
acute coronary syndrome, myocardial infarction, and 
new-onset heart failure [10]. In another study, most of 
the patients experienced new-onset arrhythmia within 
30 days after therapy initiation, which was associated 
with CRS severity and occurrence [60]. MACE was seen 
in 16% of the patients.

CMR for Assessment of Cardiac Adverse 
Effects in CAR T Cell Therapy

The pathophysiology and impact of cardiotoxicity in CAR 
T cell therapy are still insufficiently understood. It is still 
vague whether cardiotoxicity is just a manifestation of 
cytokine storm within the scope of CRS, or whether there 

are more direct cardiotoxic side effects from the CAR T 
cells themselves. Another assumption is that the observed 
systolic dysfunction in this setting is comparable to stress-
induced (Takotsubo) cardiomyopathy [61]. In this context, 
physiological stress reactions caused by CRS could trigger 
Takotsubo cardiomyopathy occurrence.

To date, CMR studies in patients with CAR T cell 
therapy are lacking. Since pathological CMR findings are 
known to correlate with troponin values [62], it is likely 
that CMR may reveal pathological myocardial findings 
during CRS, which is often accompanied by an increase 
of troponin [61, 63]. In this context, multiparametric 
CMR could be used to detect and quantify acute myo-
cardial tissue alterations, such as myocardial edema and 
fibrosis [18–20, 64–67], as shown in Fig. 2.

Fig. 1   Cardiovascular magnetic resonance in an 84-year-old female 
patient with metastatic melanoma treated with nivolumab (Opdivo 
®), an immune checkpoint inhibitor (ICI) targeting programmed 
cell death protein 1 (PD-1). Ten weeks after ICI administration, the 
patient presented with shortness of breath and troponin elevation. 
Representative images are shown in short axis view. A T2 black 
blood short tau inversion recovery (STIR) sequence shows focal 

edema in the basal inferoseptum with a corresponding late gadolin-
ium enhancement lesion in the B phase sensitive inversion recovery 
(PSIR) late gadolinium enhancment (LGE) sequence (white arrows). 
C Focal myocardial T1 relaxation times were also elevated. These 
findings were compatible with immune checkpoint inhibitor myocar-
ditis according to 2022 European Society of Cardiology guidelines on 
cardio-oncology

Table 4   American Society for Transplantation and Cellular Therapy consensus grading for CRS [54]

BiPAP, bilevel positive airway pressure; CPAP, continuous positive airway pressure; CRS, cytokine release syndrome

CRS parameter Grade 1 Grade 2 Grade 3 Grade 4

Fever ≥ 38 °C Yes Yes Yes Yes
With

Hypotension No Yes
Not requiring vasopressors

Yes
Requiring a vasopressor with or without 

vasopressin

Yes
Requiring multiple vasopressors (excluding 

vasopressin)
And/or

Hypoxia No Yes
Requiring low flow nasal 

cannula or blow-by

Yes
Requiring high-flow nasal cannula, face-

mask, nonrebreather mask, or Venturi 
mask

Yes
Requiring positive pressure (e.g., CPAP, 

BiPAP, intubation, and mechanical 
ventilation)
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Discussion

The reviewed studies shared mostly subtle CMR abnormali-
ties in ICI-associated cardiotoxicity. Further standardized 
studies with larger patient collectives are necessary for fur-
ther characterization. Nevertheless, CMR is already of great 
importance since it can visualize even minor myocardial 
abnormalities and, despite higher costs and greater effort, 
shows a diagnostic superiority compared to echocardiogra-
phy. In addition, several studies have mentioned the prog-
nostic value of CMR regarding subsequent cardiac function 
reduction, MACE, and cardiovascular mortality [6, 21, 45, 
47, 49, 51, 68].

CMR is an excellent diagnostic tool for the classifica-
tion of cardiac inflammation or rather immunotherapy-
associated myocarditis. But how can the diagnostic value 
of CMR be further refined to ensure the best possible 
patient care in the event of a suspected ICI myocarditis? 
Since abnormal T1 and T2 relaxation times have been 
described to be the leading CMR finding in the context of 
ICI myocarditis, they should be included in a standardized 
CMR protocol in accordance with the updated LLC [6, 20, 
45, 46, 49, 50, 6, 11, 34–37].

Conclusions

CMR findings in ICI myocarditis tend to have a diffuse 
pattern and may be subtle. Possible findings include pro-
longation of T1 and T2 relaxation times, diffuse or local 
edema, fibrosis/necrosis, or LV dysfunction, each with 
varying degrees and distribution. In particular T1 and T2 
mapping should be included in the CMR protocol as they 
are sensitive parameters for the detection of myocardial 
edema and inflammation. Diffuse myocardial findings can 
be further supported by additional reactive changes such 
as a pericardial effusion. Although individual cases of dif-
fuse myocardial edema in context of CRS after CAR T 
cell therapy have already been observed, prospective CMR 
studies assessing myocardial abnormalities after CAR T 
cell therapy are still lacking and urgently needed.
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