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Abstract: Inmune checkpoint inhibitors (ICIs) are a family of anticancer drugs in which the immune
response elicited against the tumor may involve other organs, including the heart. Cardiac magnetic
resonance (CMR) imaging is increasingly used in the diagnostic work-up of myocardial inflammation;
recently, several studies investigated the use of CMR in patients with ICI-myocarditis (ICI-M). The aim
of the present systematic review is to summarize the available evidence on CMR findings in ICI-M.
We searched electronic databases for relevant publications; after screening, six studies were selected,
including 166 patients from five cohorts, and further 86 patients from a sub-analysis that were
targeted for a tissue mapping assessment. CMR revealed mostly preserved left ventricular ejection
fraction; edema prevalence ranged from 9% to 60%; late gadolinium enhancement (LGE) prevalence
ranged from 23% to 83%. T1 and T2 mapping assessment were performed in 108 and 104 patients,
respectively. When available, the comparison of CMR with endomyocardial biopsy revealed partial
agreement between techniques and was higher for native T1 mapping amongst imaging biomarkers.
The prognostic assessment was inconsistently assessed; CMR variables independently associated
with the outcome included decreasing LVEF and increasing native T1. In conclusion, CMR findings in
ICI-M include myocardial dysfunction, edema and fibrosis, though less evident than in more classic
forms of myocarditis; native T1 mapping retained the higher concordance with EMB and significant
prognostic value.

Keywords: immune check-point inhibitor; myocarditis; cardiac magnetic resonance imaging; edema;

fibrosis; T1 mapping; T2 mapping

1. Introduction

Cancer immunotherapy has become a well-established and extremely effective treat-
ment option for several cancers [1,2]. This is based on immune checkpoint inhibitors (ICIs),
which is a family of drugs that targets the ‘immune checkpoint’, which is a complex of
membrane receptors that regulate the immune response. Indeed, while a number of stimu-
latory and inhibitory ligands and receptors physiologically balance and regulate immune
mechanisms, tumors can exploit these pathways to induce immune tolerance to themselves.
In this latter setting, ICIs re-modulate the immune checkpoint and awaken an immune
response directed against cancer cells [3]. However, the immune response elicited by ICIs
is not completely tumor-specific and may enhance the development of immune-related
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adverse events, involving a number of organs, among which is the heart [4]. Despite
being rare, the cardiac immune-related adverse event received vast attention [5,6]. In
particular, myocarditis appeared as the main and most important cardiac immune-related
adverse event due to ICIs. Reaching a definite diagnosis of ICI-related myocarditis (ICI-M)
is crucial, as for such an adverse event ICI therapy must be stopped—which, in turn,
means that a wrong diagnosis may lead to inappropriate discontinuation of a life-saving
therapy [4]. Cardiac imaging testing offers valid options to guide differential diagnosis
between myocarditis, myocardial infarction and other conditions with a comparable clinical
presentation. Cardiac magnetic resonance imaging (CMR) is a guideline-recommended ex-
amination in patients with myocardial infarction with a non-obstructive coronary artery to
provide a non-invasive assessment of differential diagnoses, including takotsubo syndrome
and myocarditis [7]. CMR, especially when tissue mapping techniques are available, has a
central role in the evaluation of inflammatory heart conditions [8], providing diagnostic as
well as prognostic information [9,10]. Very recently, several articles reported on CMR in
patients with ICI-M, which aided the diagnostic work-up as well as risk-stratification. The
aim of the present study is to provide a systematic review of the existing evidence of CMR
in ICI-M.

2. Materials and Methods

We performed the systematic research on Embase /PubMed using the following strings:
[“immune checkpoint inhibitors” AND “myocarditis” AND “magnetic resonance imaging”]
and [“immune checkpoint inhibitors” AND cardiotoxicities AND “magnetic resonance
imaging”]. The search is updated to 31 January 2021, and retrieved 36 results that were
subsequently assessed for inclusion using the PRISMA methodology [11] (Figure 1). As
per prespecified criteria, case reports were excluded from the analysis. After screening for
eligibility, 6 studies were finally selected [12-17]. Two of these [15,16] enrolled patients
within a same multicenter registry, albeit providing partly different information (e.g., T1
and T2 mapping in one); for this reason, they were both included in the analysis.

Records removed before
screening
5 Records identified from: Eg‘)’"w‘e fecords remaved (b
§ Pubead (n'=36) Records marked as ineligible
s by automation tools (n = 0)
3 Records removed for other
reasons (n = 0)
Records screened »| Records excluded
(n=28) (n=20)
Reports sought for retrieval Reports not retrieved
< (n=8) *| (n=0)
F
- I
Reports assessed for eligibility
(n=8) Reports excluded
Incomplete report of CMR
findings (n = 1)
Case report (n = 1)
v
. Studies included in review
] (n=6
S Reports of included studies
£ (n=6)
—

Figure 1. Prisma algorithm depicting the selection process of reviewed studies.
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3. Cardiac Magnetic Resonance Findings

A summary of the main CMR findings in the analyzed study is reported within
Table 1. Overall, 166 patients from 5 cohorts, plus a further 86 patients from a sub-analysis
targeted on tissue mapping assessment, were considered. Briefly, CMR revealed a mostly
preserved left ventricular ejection fraction. Edema prevalence ranged from 9% to 60% and
late gadolinium enhancement (LGE) prevalence ranged from 23% to 83%. The T1 and T2
mapping assessment were performed in 108 and 104 patients, respectively.

Table 1. CMR characteristics of patients enrolled in the selected studies.

Study (First Author)  Patients LVEF (%) Edema (%) Eaa;‘;:gz LGE (%) :sr:egs‘;‘r’;:‘:t
Escudier et al. n=15 35 (15, 73) 5/15 (33) No 3/13 (23) No
Guo et al. n=6 55 (31, 60) 3/6 (50) No 5/6 (83) No
Higgins et al. n=20 53 (39, 60) 12/20 (60) T2inn=3 14 (70) No
Zhang et al. n =103 49 + 15 28/103 (27) No 49/103 (48) Yes
Thavendiranathan et al. n =86 51+ 14 42/79 (34) i; ((Irllz 2;2))/ 48/86 (56) Yes
Faron et al. n=22 59 + 14 2(9) Yes 9 (41) No

3.1. Left Ventricular Function

The clinical presentation of ICI-M varied between studies, from subtle myocardial
involvement to extensive left ventricular (LV) dysfunction. However, except for the first
report from Escudier et al. [12], LV ejection fraction (LVEF) was on average preserved or
only mildly impaired. This might be explained by increasing awareness of the syndrome,
more careful monitoring and therefore increased diagnostic yield, which led to increased
identification of milder forms over time. Patterns of LV dysfunction were inconsistently
reported amongst different studies. However, the presence of a takotsubo-like myocardial
dysfunction (significant reduction of LVEF with prompt recovery at follow-up) has been
reported in a non-trivial number of patients [12]. CMR presentation of these cases might
overlap that of the classic takotsubo syndrome [18]; hence, a comprehensive diagnostic
work-up, possibly, including endomyocardial biopsy might be necessary to reach a correct
diagnosis [19].

3.2. Edema

The presence of edema is the hallmark of acute myocardial inflammation, and can
be effectively identified and measured non-invasively by means of CMR [8,20]. Rates of
edema detection in ICI-M ranged from 27% to 60% in the analyzed study (Table 1). From a
technical point of view, several techniques can be used to image myocardial edema. The
classic T2-STIR sequence allows a qualitative or semi-quantitative evaluation of myocardial
water content, and it has been extensively used in the past years. However, it is affected
by several limitations including low signal to noise ratio, not infrequent acquisition of un-
interpretable images, and low sensitivity when compared to more recent techniques [21,22].
Recently developed T1 and T2 mapping techniques can provide a more accurate and quan-
titative assessment of myocardial edema. T2 mapping is a specific marker of increased
myocardial water content, whereas T1 mapping (native T1 as well as extra-cellular vol-
ume quantification by post-contrast T1 mapping) is a highly sensitive marker of diseased
myocardium, albeit less specific, as its increase can be driven by edema as well as fibro-
sis [23,24]. The rate of edema detection in the analyzed studies was remarkably lower
than what was reported in large cohort studies of non-ICI-M myocarditis [25,26], especially
when considering that recent and more sensitive mapping sequences were used in two out
of the six reviewed papers. This finding might be explained by the greater awareness of
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ICI-M in recent times, with subsequent implementation of screening strategies leading to
increased diagnostic yield amongst milder forms. Moreover, since timing for CMR in ICI-M
suspected cases is not defined, it should be taken into consideration that in some instances
CMR was performed after the initiation of steroid treatment, having the effect of reduc-
ing myocardial inflammation and thus edema [16]. Indeed, in patients with sarcoidosis,
Puntmann et al. observed a significant reduction of native T1 and T2, indicating resolving
myocardial edema in the patients who underwent steroid treatment [27]. Amongst the
analyzed study on ICI-M, one provided systematic data regarding T2 mapping in a large
subset of patients [16], which allowed for more accurate detection of underlying myocardial
edema. Furthermore, Faron et al. performed CMR scans at baseline and follow-up after
a median of 3 months after ICI therapy, finding significant increase in native T1 and T2
mapping despite unchanged [17] results from traditional T2-STIR sequences.

Overall, the available published data indicate that, to a certain extent differently from
the classic myocarditis phenotype, myocardial edema in ICI-M is often subtle if not totally
absent, especially in the context of ongoing steroid therapy. Hence, T1 and T2 mapping
techniques might be needed to provide a more reliable CMR diagnostic evaluation in
this setting.

3.3. Fibrosis

Late gadolinium enhancement (LGE) is a technique in which CMR images are acquired
minutes after the injection of the contrast media, so that appropriate washout from the
healthy tissue has taken place and bright areas with increased gadolinium concentration
appear brighter, grossly representing the amount of irreversible injury or scar [28]. In
myocarditis, non-ischemic type of LGE is highly prevalent, and reduces to a certain amount
over time because of overestimation due to myocardial edema in the acute phase [29]. As
with edema, in ICI-M the observed prevalence of LGE (Table 1) is lower than expected from
large studies on myocarditis [25,26], and therefore might be absent (Figure 2). Zhang et al.
discussed this finding, observing how lower LGE detection rates were linked to CMR
examinations performed early in the clinical course, possibly indicating that at least a
few days could be needed to reach the final amount of cardiac involvement determined
by myocarditis [15]. In the same study, neither T2-STIR findings, LGE nor EMB results,
discriminated the outcome, whereas LVEF remained the only variable independently
associated with major adverse cardiac events at the follow-up. Native T1 is a very sensitive
imaging biomarkers that has been linked to diffuse myocardial fibrosis, with histology
validation available in several diseases [30,31]; on the other hand, it has a rather low
specificity, where its increase can also be driven by the presence of myocardial edema [32,33].
In patients receiving ICI treatment, tissue mapping by CMR was able to detect myocardial
changes that were unnoticed by using standard LGE imaging [17]. Amongst the analyzed
study on ICI-M, only one provided prognostic data regarding T1 mapping [16]. The authors
found that native T1 values remained independently associated to the outcome; moreover,
though found in a minority of the patients within the cohort, normal native T1 represented
a good prognostic sign, with no major cardiovascular events taking place in this subset
of patients. Additional results coming from this same study demonstrated a correlation
between T1 and T2 values in this cohort [34]. Hence, it cannot be excluded that, in this case,
the native T1 increase is linked to remnant myocardial edema rather than to fibrosis [35].
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Figure 2. ECG with diffuse T- wave inversion (A). Native T1 mapping, higher signal detected within
the interventricular septum in the mid-short axis (arrow in (B)) and in 4-chamber view (arrow in (C));
in the same area; T2 mapping shows higher signal intensity indicating edema (arrow in (D)). Absence
of replacement fibrosis as assessed by LGE (E,F). Adapted with permission from [18].

4. Clinical Implications

Awareness toward IClI-related myocarditis increased exponentially after the first de-
scriptions of this potentially fatal adverse event. These observations prompted the incorpo-
ration of algorithms for ICI-related myocarditis’ recognition and treatment by oncologic
societies [36,37]. These algorithms were centered on the active screening of myocarditis
with troponin blood testing and to promptly withhold ICI treatment in the case of suspected
or certain myocarditis diagnosis. Such a pro-active screening strategy was motivated by
the fulminant, life-threatening nature of the first ICI-related myocarditis reports [3,38—40].
Moreover, in general, myocarditis can be difficult to diagnose, as it generally presents
with non-specific signs and symptoms, and, also, may rapidly complicate with acute heart
failure and arrhythmias [41].

However, a troponin-based myocarditis screening has inherent limitations [42]. Troponins
may raise due to a number of different cardiac (but also non-cardiac) conditions [43—45] and
should always be interpreted within the underlying clinical setting. Some ICls recipients
may be at higher risk for (and thus with higher odds of developing) myocardial ischemia
rather than myocarditis (i.e., patients with lung cancer)—this further complicates troponin
interpretation. Furthermore, additional data have shown that the clinical spectrum of ICI-
related myocarditis is wider than initially thought, and sub-clinical, asymptomatic cases
may occur [46,47]. Thus, in most recent guidelines, troponin-based screening is no longer
recommended [48]. Clinical assessment and close collaboration between oncologists and
cardiologists are therefore fundamental in determining a diagnosis of ICI-related myocardi-
tis. When approaching differential diagnosis, some aspects should be considered to help in
guiding the clinical evaluation. It has been reported that ICI-related myocarditis occurs
more frequently within the first weeks of treatment and usually with combination therapy
(i.e., therapeutic scheme with more than one ICIs) [4,36,37]. Moreover, myocarditis due to
ICIs is commonly accompanied by myositis and/or a myasthenia gravis-like syndrome [48]
and the assessment of creatine phosphokinase (CPK) values may help interpreting an
abnormal troponin testing [4].

In this context, CMR examination plays a pivotal role to explore a suspected ICI-M un-
der a clinical suspicion (Figure 3). Symptoms, increased troponin level and newly detected
echocardiographic (ECG) abnormalities might suggest the need to perform CMR; addition-
ally, electrocardiographic changes have been described after the baseline in patients with
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ICI-M, including prolonged QRS and QT interval duration, sinus tachycardia, decreased
QRS voltages and repolarization abnormalities [49]. Hence, it might be reasonable to plan
an imaging test after detecting new ECG abnormalities as compared to the baseline. CMR
offers several tools for the evaluation of non-ischemic myocardial inflammation, whose
diagnostic criteria have been recently updated [8]; specifically, the revised Lake Louise
(LL) criteria now include the more recent T1 and T2 mapping techniques—this could have
relevant implications for ICI-M. As shown by the aforementioned studies, myocardial
changes can be often mild and potentially undetectable without using mapping tools.
Accordingly, the agreement with EMB was relatively low in the study by Zhang et al., in
which 50-60% of the patients with biopsy-proven myocarditis had negative T2-STIR and
LGE imaging [15]; however, a further analysis from the same cohort and including only
patients with an available tissue mapping evaluation demonstrated that at least one of
the main modified LL criteria was present in all of the patients, and more than 80% of
patients with biopsy-proven myocarditis had abnormal native T1 [16]. A negative scan,
especially in the presence of normal native T1, should prompt reassurance, especially when
considering the very low-risk of this subset of patients [16]. On the other hand, where
LL criteria should not be met, albeit there remains clinical suspicion with inconclusive
CMR examination, further tests such as EMB and positron emission tomography could be
considered [50,51]. In the presence of a CMR-confirmed ICI-M diagnosis, the drug should
be halted and treatment with steroids commenced. A CMR at follow-up can be considered
to clarify the resolution of the disease, signified by regression of myocardial edema [52], or
conversely, the evolution towards remodeling [53]. In patients undergoing cancer-related
treatment, Haslbauer et al. observed a parallel increase in native T1 and T2 values when
CMR scans were performed early after treatment initiation [54], indicating underlying
myocardial edema; on the other hand, cases that underwent a late CMR examination (more
than 12 months post-treatment) were more likely to have increased native T1 and lower
T2 values, indicating fibrosis and cardiac remodeling. Re-challenge with ICI is currently
a debated topic, and it has been hypothesized that reintroduction in low-grade patients
might be a feasible option, albeit better definition of the grading is needed [55]. Potentially,
CMR imaging biomarkers, especially the prognostic relevant native T1, could serve as
criteria for considering a patient eligible for re-challenge with ICL

ECG
Echo

Troponin
Symptoms

Revised
LL criteria

+

= (Normal native T1)

Continue ICI

Inconclusive or
high suspicion

* StopICI
* Steroid
treatment

Consider other
test (PET, EMB)

= (No edema, recovered LVEF)

Consider re-introducing ICI]

Figure 3. Proposed diagnostic algorithm for the evaluation of patients with suspected ICI-M. We
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hypothesize a CMR-centered algorithm, with the examination promptly performed according to
clinical red flags (red square on top). Results from the CMR examination can further guide the
diagnostic work-up, with other second-line tests potentially available in the case of inconclusive
findings. The prognostic relevance of CMR biomarkers might be used as gatekeepers for a further
re-challenge with ICI.

5. Limitations

The present constitutes the first systematic review on a topic in which still few data
are currently available, with a relatively heterogenous population and CMR protocols used
amongst different studies; this makes our considerations exploratory and in need of further
data to be confirmed. Accordingly, larger sample sizes and more homogeneity amongst
studies are needed to make a meta-analysis approach potentially reliable.

6. Conclusions

CMR findings in ICI-M include myocardial dysfunction, edema and fibrosis, albeit less
pronounced than in more classic forms of myocarditis. A comprehensive CMR examination,
including T1 and T2 mapping, can provide additional information, with a prognostic value
being potentially useful in guiding clinical management.
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published version of the manuscript.
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