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Abstract

Myocarditis, an inflammatory condition of the myocardium, can present with a spectrum of clinical manifestations, ranging from mild
symptoms to cardiogenic shock or death. While endomyocardial biopsy (EMB) remains the gold standard for diagnosis, its invasive
nature and limited sensitivity have shifted focus toward non-invasive imaging, particularly cardiovascular magnetic resonance (CMR)
imaging. CMR has emerged as a cornerstone in diagnosing myocarditis, offering high sensitivity and specificity through advanced tissue
characterisation and functional assessment. Key CMR techniques include T1 and T2 mapping, which allow quantitative evaluation of
myocardial injury, oedema, and fibrosis, alongside late gadolinium enhancement (LGE), which identifies predominantly necrosis and
scar tissue. The revised 2018 Lake Louise Criteria have further standardised the diagnostic approach with integration of mapping for
enhanced accuracy. However, emerging technologies, such as radiomics with machine learning techniques, show promise in improving
diagnostic precision, risk stratification, and prognostication. This review explores the pathophysiology, clinical manifestations, and
underlying causes of myocarditis, with a particular emphasis on the role of imaging modalities. It highlights the central importance of
CMR in the diagnosis and management of myocarditis, while also underscoring the need for ongoing innovation and advancements to

enhance patient outcomes.
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1. Introduction

Myocarditis, characterised by inflammation of the
myocardium, was first identified as a distinct condition
by German physician Dr Joseph Friedrich Sobernheim in
1837 [1]. It can be triggered by both infectious and non-
infectious factors and may present in acute, subacute, or
chronic forms. Signs and symptoms can range from chest
pain, shortness of breath and palpitations, to fevers, pe-
ripheral oedema, fatigue and lethargy. In rare cases, it can
lead to serious adverse outcomes such as decompensated
heart failure, ventricular arrhythmias, cardiogenic shock, or
death. Diagnosing myocarditis has traditionally been chal-
lenging due to its wide range of symptoms and the absence
of specific biomarkers, and in addition, real-world diag-
nostic accuracy and coding of myocarditis can be poor [2].
While endomyocardial biopsy (EMB) has historically been
the gold standard for diagnosis, the advent of cardiac imag-
ing, particularly cardiovascular magnetic resonance (CMR)
imaging, has facilitated a shift towards non-invasive diag-
nostic approaches in most cases [2,3]. This review will ex-
amine the aetiology and clinical presentation of myocardi-
tis, the role of various imaging modalities in its diagnosis
with a focus on CMR, its inclusion in clinical guidelines,
and potential future research directions.

2. Clinical Presentation and Aetiology

Patients with myocarditis can present acutely, suba-
cutely or in the chronic phase. The acute phase is typified
by myocardial oedema and inflammation with associated
myocardial injury. Over a period of days to weeks, there is
a transition into the subacute phase where the myocardial
tissue begins to heal, and the presence of mixed inflamma-
tion and interstitial oedema is usually present. Over subse-
quent weeks, granulation tissue develops at sites of myocar-
dial injury with collagen deposition replacing necrotic car-
diomyocytes cleared by macrophage activity. The collagen
matures into a heterogeneous scar tissue. Rarely, chronic
myocarditis can occur where inflammation persists with co-
existent healing.

Acute myocarditis is most frequently seen in the
young (3045 years old) and men (60-80%) [4]. The most
common presentation of acute myocarditis is with chest
pain (82-95%), and frequently it is associated with dysp-
noea (19-49%) and fever (58—65%), with presentations of
cardiogenic shock (fulminant myocarditis) being rare (3—
9%) [5-7]. Recent evidence has shown that it is possi-
ble to quickly risk-stratify myocarditis patients with basic
blood tests, where a neutrophil lymphocyte ratio of >4 is
associated with a worse prognosis [8]. However, treatment
strategies are largely supportive, with equipoise over im-
munomodulatory pharmacological therapies [9].
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Table 1. Aetiologies of myocarditis.

Actiology

Infection Viral

Bacterial

Coxsackie B, Parvovirus B19, adenoviruses, herpes, HIV, COVID-19, influenza

Corynebacterium diphtheriae, Staphylococcus aureus, Borrelia burgdorferi,

Ehrlichia species, Neisseria meningitidis

Protozoal
Parasitic

Trypanosoma cruzi

Babesia, Schistosomiasis, Toxocara canis

Autoimmune Primary autoimmune

Churg-Strauss (eosinophilic) myocarditis, giant cell myocarditis (GCM), sarcoidosis

Associated with systemic disease Systemic lupus erythematosus (SLE), inflammatory bowel disease, Takayasu’s ar-

teritis, granulomatosis with polyangiitis (GPA), thyrotoxicosis

Others Toxins Alcohol, radiation, chemicals (hydrocarbons and arsenic)
Drugs Doxorubicin, cocaine, Interleukin-2 (IL-2) inhibitors, mRNA vaccines*
Hypersensitivity Sulphonamides, penicillins, digoxin, tricyclic antidepressants, dobutamine
Genetic Arrhythmogenic cardiomyopathy Desmosomal—plakophilin 2 (PKP2), desmoplakin (DSP),

Non-desmosomal—tfilamin C (FLNC), lamin A/C (LMNA)

Notes: HIV, Human Immunodeficiency Virus; mRNA, messenger Ribonucleic Acid; COVID-19, Coronavirus Disease 2019. *Rare, usually

self-limiting [11].

There is a wide range of triggers for myocarditis, rang-
ing from infective to autoimmune, toxin, drug-induced and
hypersensitivity causes [10] (Table 1, Ref. [11]). More re-
cently, it has become evident that there is a genetic interplay
with myocarditis, and some individuals are at heightened
risk [12,13]. In particular, genetic variants linked to ar-
rhythmogenic cardiomyopathy (ACM) are associated with
myocarditis. Described as the “hot phase” of ACM, such
acute myocarditis is particularly observed in desmosomal
ACM, with a typically more widespread mid-wall involve-
ment on imaging, and in many cases, patients present with
recurrent myocarditis episodes [14,15].

3. Endomyocardial Biopsy and
Histopathological Classification

Myocarditis is a non-ischemic inflammatory disease
of the myocardium, defined by the presence of inflam-
mation, cellular injury with leucocyte ingress, and my-
ocyte necrosis [3,16]. The gold standard for diagnosis is
EMB, which provides histopathological detail about the
pattern and aetiology of inflammation. Subsequently, my-
ocarditis is classified by cell infiltrate, which includes
eosinophilic, lymphocytic, lymphohistiocytic and neu-
trophilic infiltrates.

Eosinophilic myocarditis is identified by one of two
separate histopathological patterns—mild patchy intersti-
tial eosinophilic infiltrate or dense eosinophilic infiltrate
with cardiomyocyte necrosis. Lymphocytic myocarditis is
characterised most commonly by patchy infiltration of T
lymphocytes in the myocardial interstitium. Lymphohisti-
ocytic myocarditis can describe either granulomatous my-
ocarditis, characterised by distinct epithelioid granulomas,
or giant cell myocarditis, in which multinucleated giant
cells are present. The latter is associated with diffuse in-
flammation and myocardial necrosis, whereas the former
demonstrates patchy inflammation and granulomatous fi-

brosis, with sarcoidosis being the most common underlying
aetiology. Lastly, neutrophilic myocarditis is a rare pattern
seen in patients with bacterial involvement, either through
sepsis/bacterial endocarditis, or very uncommonly, fungal
infection.

Endomyocardial biopsy remains the reference stan-
dard for the diagnosis of myocarditis. However, in many
countries, EMB is rarely performed, with only 3.6% of
North American and 0.7% of United Kingdom (UK) sus-
pected myocarditis cases undergoing EMB [17,18]. EMB
carries a risk of complications (1-5%), and in the UK, only
18% of National Health Service (NHS) trusts undertake this
procedure [17]. It is often only performed in specific cir-
cumstances where the diagnosis remains uncertain, partic-
ularly if giant cell myocarditis is suspected, where its role
can be pivotal, or when biopsy results would dramatically
alter management, most commonly in new-onset heart fail-
ure. The decision to perform an EMB demands careful con-
sideration, weighing the patient’s clinical condition against
the expertise of the medical team and the balance of poten-
tial benefits and risks. In addition, biopsy has a relatively
low sensitivity when compared with autopsy findings [19].
As a result of these limitations, the vast majority of clini-
cal myocarditis diagnoses are made through non-invasive
testing such as serology and cardiac imaging.

4. Imaging in Myocarditis

Cardiac imaging has become a cornerstone in the eval-
uation and diagnosis of myocarditis and its associated car-
diac complications. Here, we will discuss various imaging
modalities used in the assessment of patients with suspected
myocarditis.

4.1 Echocardiography

In the majority of individuals, echocardiography is the
first cardiac imaging medium utilised in the investigation
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Fig. 1. Echocardiogram with endocardial speckle tracking and global longitudinal strain analysis. (A) 2D apical 4-chamber view

with endocardial border speckle-tracking. (B) Upper: EndoGLS over time (ms), and lower: LV volume curve (red) and dV/dt (blue)

over time (ms). (C) Reference plot for global longitudinal strain (GLS) vs LVEF. (D) 16-segment polar map if segmental EndoGLS

demonstrating regional reduction in longitudinal strain, particularly affecting the basal inferior and inferolateral segments. ES, End-
Systole; TTP, Time to Peak; EndoGLS, endocardial global longitudinal strain; EF, ejection fraction; EDV, End-Diastolic Volume; ESV,
End-Systolic Volume; ESL, End-Systolic Length; ESDbas, End-Systolic Diameter, basal; EDL, End-Diastolic Length; EDDbas, End-
Diastolic Diameter, basal; SD-LS-Syst., Standard Deviation of Longitudinal Strain during Systole.

of patients presenting with chest pain and breathlessness,
the most common symptoms of myocarditis. Low cost,
widely available and accessible, echocardiography pro-
vides a foundation for the exclusion of alternative patholo-
gies (such as valvular or pericardial disease) and can give a
rapid and accurate assessment of left and right ventricular
function. However, the features of myocarditis on echocar-
diography are non-specific, and include left ventricular sys-
tolic dysfunction (LVSD), which can be global or more
commonly regional (of the basal inferolateral wall), ventric-
ular dilation, and pericardial effusion (in the context of per-
imyocarditis) [4]. Hypo or akinetic walls create substrate
for ventricular thrombi, and these may be easily visible on
2D imaging, but if there is uncertainty, contrast should be
considered to enhance diagnostic accuracy.

Contemporary methods, such as strain analysis
(Fig. 1), which measure the displacement of tissue (pix-
els) and thus strain over the course of the cardiac cycle,
can be helpful in cases of myocarditis owing to the inability
of echocardiography to accurately characterise myocardial
inflammation. Global longitudinal and radial strain corre-
spond to areas of myocardial inflammation on biopsy [20]
and, in both 2D and 3D imaging, have been correlated with
regional changes of inflammation and late gadolinium en-
hancement (LGE) on CMR [21,22].

4.2 Cardiac Computed Tomography and Coronary
Angiography

Cardiac computed tomography (CT) usually does not
play a significant role in the diagnosis of patients with
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potential myocarditis. In part, this is due to the expo-
sure of a typically younger population to ionising radia-
tion and the limited role that CT plays in tissue character-
isation. Cardiac CT can be beneficial in excluding alter-
native causes of patients presenting with chest pain, espe-
cially if there is equipoise between myocardial infarction,
aortic dissection, and myocarditis, due to its diagnostic ac-
curacy in assessment of coronary artery and aortic disease
[23]. More recent advancements in the field of cardiac CT
include extracellular volume (ECV) mapping, iodine en-
hancement, and photon-counting, which correlate with car-
diac magnetic resonance imaging (MRI) findings, and have
been utilised in tissue characterisation and diagnosis of my-
ocarditis [24,25].

Patients with potential myocarditis often present with
symptoms and findings mimicking acute coronary syn-
dromes (elevated troponin levels, ischemic electrocardio-
graphic [ECG] changes), and subsequently, invasive coro-
nary angiography is commonly undertaken to exclude ob-
structive coronary lesions [26].

4.3 Cardiovascular Magnetic Resonance Imaging

Considered the non-invasive gold standard for my-
ocardial diagnosis, CMR offers high sensitivity and speci-
ficity for the assessment of myocardial function, inflamma-
tion and scar, which together provide a comprehensive as-
sessment of myocardial injury [27].

MRI-specific features associated with myocarditis in-
clude:
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Fig. 2. Cardiac magnetic resonance parametric mapping. Cardiac magnetic resonance imaging (MRI) T1 (A,B) and T2 (C,D)

mapping of the myocardium in mid short-axis (A,C) and four-chamber (B,D) views demonstrates focal increases in relaxation times

(T1 = 1281 ms; T2 = 63 ms) within the mid-lateral and infero-lateral walls (arrows). Images acquired on Siemens Aera 1.5T scanner

(Siemens, London, England) (normal ref range T1 <1080 ms, T2 <50 ms).

4.3.1 Myocardial Hyperaemia and Early Gadolinium
Enhancement

Hyperaemia is identified through early gadolinium en-
hancement (EGE) following intravenous contrast, reflect-
ing increased vascular permeability and cellular necrosis
typical of inflamed myocardium. The EGE ratio, where a
value of 4 against reference tissue (typically skeletal mus-
cle) indicates pathology, suggests increased relative my-
ocardial signal intensity by over 45%, a strong indicator
of active inflammation. Although EGE initially featured in
the 2009 Lake Louise Criteria (LLC) [28], its lower sensi-
tivity and specificity, and variability in image quality, have
limited its standalone diagnostic utility, leading to its re-
moval in the 2018 revised LLC. However, EGE can still
provide complementary information on vascular changes in
myocarditis [29].

4.3.2 Inflammation and T1 and T2 Parametric Mapping

The advantages of parametric mapping lie in the abil-
ity to provide spatial visualisation and quantification of my-
ocardial tissue changes seen in myocarditis. This allows
for better assessment of diffuse disease processes and the
study of the evolution of the disease process. T1 mapping
measures the longitudinal relaxation time (T1), which is
frequently elevated in myocarditis due to oedema, necro-
sis, or interstitial expansion associated with inflammation
(Fig. 2A,B). Native, pre-contrast, T]1 mapping is particu-

larly useful for detecting diffuse myocardial oedema or fi-
brosis that may not be apparent with conventional imaging.
It is therefore sensitive, but lacks specificity for the assess-
ment of oedema. T2 mapping quantifies transverse relax-
ation time (T2), and elevated values serve as a more specific
marker for myocardial oedema (Fig. 2C,D). Extracellular
volume (ECV) is derived from pre- and post-contrast T1
mapping values and reflects extracellular matrix expansion
and is elevated in areas of oedema or scar [30]. Utilising
the combination of these three values allows for a compre-
hensive assessment of areas of myocardial scar and oedema,
with the presence of elevated ECV, T1 and T2 being associ-
ated with adverse events in myocarditis, including arrhyth-
mia and cardiac mortality [31].

4.3.3 Necrosis and Fibrosis: Late Gadolinium
Enhancement

Late gadolinium enhancement (LGE) uses TI-
weighted inversion-recovery sequences following gadolin-
ium contrast administration. It identifies focal areas
of predominantly myocardial necrosis and fibrosis. In
myocarditis, LGE typically appears in subepicardial or
mid-wall patterns, often in the inferior/inferolateral seg-
ments of the left ventricle (Fig. 3). While signal intensity
often diminishes in chronic stages, persistent LGE related
to the formation of scar, making it the most reliable
indicator of myocarditis in approximately 90% of cases
[32], and a valuable marker for long-term prognosis, where
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Fig. 3. Cardiac magnetic resonance late enhancement imaging. Cardiac MRI mid short-axis (A) and four-chamber (B) images

demonstrating post-gadolinium mid to subepicardial enhancement in the lateral wall (arrows). Images acquired on Siemens Aera 1.5T

scanner (Siemens, London, England).

presence of LGE in viral myocarditis, is associated with
8.4-fold increase in all-cause mortality, after adjusting
for left ventricular function, New York Heart Association
(NYHA) functional class and left ventricle end diastolic
volumes [33].

4.3.4 Classical Imaging Findings in CMR for Myocarditis

The CMR appearance of myocarditis depends on the
stage of the disease. In the acute phase, CMR typically
shows marked myocardial oedema (elevated T2, T1, and
ECV) reflecting active inflammation, and early or patchy
LGE. Diagnostic sensitivity of CMR is greatest within the
first 2—4 weeks after symptom onset, as oedema is most pro-
nounced during this period [34].

In the subacute to chronic phase, myocardial inflam-
mation and oedema generally subside, with normalisation
of T1/T2 values. LGE often persists and becomes more or-
ganised, indicating progressive fibrosis and early scar for-
mation.

In myocarditis, the LGE pattern most commonly seen
is a subepicardial or mid-wall pattern along the basal to mid
inferolateral and inferior segments [35]. A mid-wall LGE
pattern in the interventricular septum, while less common,
has prognostic implications, often associated with poorer
outcomes, and it is important to consider a genetic aeti-
ology in these cases, such as ACM [36]. In cases of ful-
minant myocarditis, imaging may show diffuse myocardial
oedema, extensive LGE, and LVSD, where a left ventricu-
lar ejection fraction (LVEF) of <40% is associated with a
4-fold increased mortality [31]. The coexistence of pericar-
dial enhancement points to concurrent pericarditis, particu-
larly in the pericardium adjacent to the affected myocardial
regions. Although LGE on CMR cannot, by itself, establish
the aetiology of myocarditis and presentations are often het-
erogeneous, certain LGE patterns (Table 2; Ref. [37-47])
are more typical of specific causes [48].
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4.3.5 CMR Criteria for Diagnosing Myocarditis

The original LLC, introduced in 2009, provided foun-
dational diagnostic criteria for acute myocarditis on CMR
[28], requiring at least two of three findings: heightened
T2-weighted myocardial signal, early gadolinium enhance-
ment (EGE), and LGE in a non-ischemic distribution. With
the advent and evolution of parametric mapping, the 2018
revised LLC incorporated T1 and T2 imaging, which en-
hances diagnostic sensitivity (73% vs. 88%, p=0.03) while
maintaining high specificity at 96% [49,50]. The updated
LLC requires that each of the two categories be satisfied,
namely:

- The presence of a T1-based indicator of myocardial
injury, such as non-ischemic LGE, increased native T1, or
extracellular volume (ECV).

- A T2-based indicator of myocardial oedema such
as regional elevated T2-signal intensity/increased T2 relax-
ation time or increased global T2 ratio (>2.0).

The combination of the above provides robust evi-
dence of myocardial inflammation in patients with high
clinical suspicion of myocarditis. Supportive criteria in-
clude evidence of pericardial inflammation or LVSD. How-
ever, one of the main drawbacks of parametric techniques
is the requirement for local reference ranges, as values
are scanner-specific and require local calibration, and thus
should be interpreted accordingly [30].

4.3.6 Myocarditis—Protocol for Assessment

There are a variety of different protocols proposed to
assess myocarditis. However, the Society for Cardiovascu-
lar Magnetic Resonance (SCMR) has published standard-
ised protocols to ensure consistency in CMR studies [51].

The 2020 update emphasises sequences such as cine
imaging for functional assessment, T2-weighted imaging
for oedema detection, T1 mapping for fibrosis evaluation,
and LGE for identifying necrosis or scar tissue, with the aim
of streamlining CMR procedures and enhancing diagnostic
accuracy. Myocarditis protocol recommendations are sum-
marised below (Table 3).
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Table 2. Typical patterns of late gadolinium enhancement according to myocarditis aetiology.

Pattern of late enhancement Actiology

Imaging findings

1—Focal late enhancement Viral, bacterial, systemic lupus erythematosus (SLE),

Basal short-axis illustration with inferolateral
mid-wall LGE

alcohol, radiation

- Viral—Typically, elevated T2 (acutely) with patchy subepicardial late gadolin-
ium enhancement (LGE) in the lateral free wall on CMR [37].

- Bacterial—Septal LGE (diphtheriae and borrelia) [38]. Others are non-specific.
- SLE is associated with chronic myocardial inflammation, with elevated T1/T2
mapping. LGE is seen in 27-70% of individuals, with a non-ischemic, predom-
inantly mid-wall patchy pattern [39].

- GPA is associated with subepicardial to mid-wall LGE in the baso anterolateral
and inferolateral segments [40].

- Long-term alcohol use is associated with alcoholic cardiomyopathy (dilated
and impaired ventricles, mid-wall LGE in approximately 30% of individuals).

- Radiation myocarditis often demonstrates patchy LGE in particularly irradiated
areas and pericardial thickening [41].

2—Focal enhancement and apical aneurysm Protozoal

Three-chamber illustration with mid-wall inferolateral and suben-
docardial aneurysmal apical LGE

- T. Cruzi (Chagas) gives rise to patchy mid to transmural heterogeneous LGE of
predominantly the inferolateral, anterolateral/septal segments and apex. Apical

aneurysms are not uncommon [42].
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Table 2. Continued.

Pattern of late enhancement

Actiology

Imaging findings

3—Diffuse patchy late enhancement

Basal short-axis illustration with diffuse patchy
mid-wall LGE

Churg-Strauss (eosinophilic) myocarditis, giant cell

myocarditis (GCM), sarcoidosis, toxins and drugs

- Eosinophilic aetiology can demonstrate extensive subendocardial LGE in-
volving the free LV wall and occasionally RV, commonly with pericardial
effusion [43].

- GCM can lead to widespread mid-wall and subendocardial LGE, with both
LV (in particular right-sided septum, anterior wall) and subendocardial RV
involvement [44].

- Sarcoidosis can cause patchy, mid-wall/subepicardial, multifocal LGE, of-
ten involving the basal septum and LV inferolateral walls, with subendocar-
dial sparing. It may also affect the RV free wall [45].

- Doxorubicin is associated with mid-wall septal LGE, globally elevated
ECV and early strain reduction.

- Cocaine is associated with patchy mid-wall to transmural LGE (dependent
on coronary involvement) and elevated T1/T2 acutely [46].

- IL-2 inhibitors can cause widespread patchy mid-wall LGE.

4—Near global late enhancement

Basal short-axis illustration with near global mid-wall to epicardial
LGE

Arrhythmogenic cardiomyopathy

- Both desmosomal (DSP, PKP?2) and non-desmosomal (FLNC, LMNA) mu-
tations can cause patchy to near global late enhancement, with a predomi-

nantly epicardial to mid-wall pattern [47].

Notes: CMR, cardiovascular magnetic resonance; LV, left ventricular; RV, right ventricular; ECV, extracellular volume; DSP, desmoplakin; PKP2, plakophilin 2; FLNC, filamin C; LMNA, lamin A/C; IL-2,

Interleukin-2.
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Table 3. Cardiac MRI protocol recommendation for the evaluation of potential myocarditis.

Sequence

Purpose

Views

Parameters/Notes

Cine imaging (SSFP)

Ventricular dimensions, function and
wall motion assessment

Short-axis stack, 2-chamber, 3-
chamber, 4-chamber

- Balanced steady-state free precession (bSSFP) imaging.
- Temporal resolution <40 ms; spatial resolution approximately 1.5 x 1.5 x 6 mm.

T2-weighted imaging (T2WI)

Oedema detection

Short-axis stack

- Acquired using T2-STIR or turbo spin echo (TSE) techniques with fat suppression.

- Increased signal intensity indicates myocardial oedema due to inflammatory response,
i.e., myocardial: skeletal muscle SI ratio >1.9.

- Typical TE: 60-80 ms; TR: >2000 ms.

- Use a 3-Tesla scanner for a higher signal-to-noise ratio.

T2 mapping

Quantitative assessment of oedema

Short-axis basal, mid and apical

slices

- Provides pixel-wise quantification of myocardial T2 relaxation times.

- T2 values >55 ms (1.5T) or >45 ms (3T) are indicative of active inflammation.
- Gradient-echo or spin-echo sequences are used for mapping.

- Avoid T2 shine-through artefact.

Pre-contrast T1 mapping

Quantitative assessment of fibrosis,

oedema or infiltration

Short-axis basal, mid and apical
slices

- Performed pre-contrast using modified Look-Locker inversion recovery (MOLLI) or
ShMOLLI sequence.

- Native T1 values >1000 ms on a 1.5T scanner or >1200 ms on a 3T suggest myocardial
injury.

- Slice thickness: 8 mm; In-plane resolution: approximately 1.2 x 1.2 mm.

First pass perfusion imaging +
EGE (optional)

Evaluate for hyperaemia and mi-

crovascular dysfunction

Short-axis basal, mid and apical
slices

- Performed during the first pass of gadolinium bolus (0.05-0.1 mmol/kg) using T1-
weighted fast gradient echo imaging.

- Temporal resolution <100 ms per slice for adequate myocardial perfusion assessment.
- Primarily, if concurrent ischemia is suspected, stress perfusion using vasodilators (e.g.,

adenosine) may be included.

Late gadolinium enhancement

Detects scar/fibrosis or necrosis

Short-axis stack, 2-chamber, 3-
chamber, 4-chamber

- Acquired 10-20 minutes post-intravenous injection of 0.1-0.2 mmol/kg of gadolinium-
based contrast agent.

-TI scout to null normal myocardium (approximately 250-350 ms @ 1.5T).

- Phase-sensitive inversion recovery (PSIR) is preferred for enhanced contrast resolution.
- Inversion time (TI) adjusted to null normal myocardium (approximately 250—350 ms at
1.57).

Post-contrast T1 mapping (op-

tional)

Extracellular volume (ECV) fraction

Short-axis basal, mid and apical

slices

- Requires paired pre- and post-contrast T1 mapping and haematocrit measurement.

- Typical ECV >30% suggests diffuse myocardial fibrosis.

- MOLLI sequences optimised for T1 quantification (TI approximately 600—700 ms pre-
contrast, approximately 400 ms post-contrast at 1.5T).

Note: All values provided as examples; please use local reference ranges. STIR, Short Tau Inversion Recovery; SI, signal intensity; TE, Echo Time; TR, Repetition Time; SSFP, steady-state free precession;

ShMOLLI, shortened modified Look-Locker inversion recovery; EGE, early gadolinium enhancement.


https://www.imrpress.com

4.3.7 Follow-Up Imaging and Prognostic Implications in
Myocarditis Using Cardiac MRI

Longitudinal assessment of patients with myocarditis
is important to monitor disease activity, guide return to ex-
ercise, especially in performance athletes, and assess car-
diac function, which informs ongoing treatment and prog-
nosis [52,53]. Repeat imaging is typically performed 6
months after the index presentation, and in the majority of
patients, left ventricular (LV) systolic function is either nor-
mal at baseline or resolves at follow-up [54]. Persistent
LV systolic dysfunction, especially in the initial setting of
fulminant myocarditis, relays a worse prognosis [55]. A
strength of utilising follow-up CMR is the ability to char-
acterise the myocardium, in particular oedema and fibrosis.
There is uncertainty regarding the prognostic presence of
persistent oedema on follow-up CMR, with reports of ele-
vated values associated with improved prognosis, possibly
relating to the potential for resolution and recovery [56],
and others linking normalisation of T2 values with clini-
cal recovery, suggesting a healed stage of the disease [57].
However, consensus lies with the persistent presence and
extent of isolated LGE, suggesting scar formation, which is
associated with worse outcomes such as ventricular arrhyth-
mia, and necessitates longer-term follow-up [31,34,56].

4.3.8 Diagnostic Guidelines

Recognised by the 2021 European Society of Cardi-
ology (ESC) heart failure guidelines, CMR is a first-line
(or Class I) investigation for the investigation of suspected
myocarditis, with a recommendation for follow-up imag-
ing in those who have LVSD, arrhythmias or ECG abnor-
malities [58]. In addition, the American Heart Associa-
tion (AHA) and American College of Cardiology (ACC)
guidelines strengthen these recommendations, giving CMR
a class 1B recommendation for evaluation of chest pain
in suspected myocarditis [23]. The AHA/ACC guidelines,
specifically, underscore MRI’s utility with LGE for differ-
entiating myocarditis from other aetiologies of myocardial
injury where coronary arteries are unobstructed (i.e., my-
ocardial infarction with non-obstructive coronary arteries
[MINOCAY]) and when there is diagnostic uncertainty.

5. Novel Techniques and Specific Populations
5.1 Strain Analysis

Beyond traditional measures, strain analysis quanti-
fies myocardial deformation by tracking the motion of tis-
sue (pixels) throughout the cardiac cycle, offering sensitive
detection of subtle functional changes, and can be applied
across imaging modalities, including echocardiography and
CMR. CMR offers new modalities to evaluate myocardial
strain through feature tracking techniques, and is consid-
ered superior to strain via echocardiography, especially for
regional abnormalities [59,60].

CMR-derived myocardial strain analysis detects de-
formation, torsion, and synchrony impairments, which may
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be present even in myocarditis patients with normal ejec-
tion fraction [61]. Recent data underscore the enhanced di-
agnostic sensitivity and prognostic value of strain parame-
ters, particularly global longitudinal strain (GLS), in my-
ocarditis, with predictive utility extending beyond tradi-
tional measures such as LVEF and LGE [62]. GLS has
been identified as an independent predictor of adverse car-
diac outcomes, including mortality, ventricular arrhythmia,
and heart failure hospitalisation, with a hazard ratio of 1.21
(95% confidence interval [CI]: 1.08-1.36, p = 0.001) [63].
Furthermore, incorporating GLS into a multivariable pre-
dictive model significantly improved diagnostic accuracy
[63].

5.2 Positron Emission Tomography (PET)

Positron emission tomography (PET) is not routinely
employed for diagnosing acute myocarditis or chronic in-
flammatory cardiomyopathy. However, it can be a useful
non-invasive diagnostic tool for stable patients who are un-
able to undergo CMR imaging or for those with suspected
systemic autoimmune diseases affecting multiple organs.

F-fluoro-deoxy-glucose (FDG) cardiac PET/CT pro-
vides an assessment of myocardial inflammation through
the use of increased FDG uptake. It requires patients to un-
dergo dietary preparation through a low-carbohydrate/high-
fat diet and fasting prior to the scan, to allow suppression
of physiological FDG. Despite these precautions, 10-15%
of cardiac PET scans may fail diagnostically due to inad-
equate suppression of physiological glucose uptake. FDG
PET/CT has been found to be able to localise inflammation
within the myocardium in case-based publications [64,65],
but lacks prospective randomised trials in its assessment of
myocarditis diagnosis.

PET has gained particular utility in diagnosing and
managing cardiac sarcoidosis (CS). The technique lever-
ages the avid glucose uptake by active inflammatory cells
within sarcoid granulomas. Cardiac PET is often combined
with whole-body imaging to assess extracardiac involve-
ment. A meta-analysis of 17 studies including 891 pa-
tients with suspected CS reported a sensitivity of 84% and
a specificity of 83% for PET imaging [66]. Additionally,
PET serves as a valuable modality for monitoring disease
progression and evaluating response to immunosuppressive
therapy. The usefulness of PET/CT is likely to grow, espe-
cially in multi-system conditions where it can give informa-
tion for more than just the heart [67].

5.3 Radiomics

A relatively new field in medical science, radiomics
uses image analysis to extract large volumes of quantitative
features (texture, shape, and intensity) from medical imag-
ing [68]. Such data can then be leveraged in combination
with machine learning (ML) and artificial intelligence (AI)
techniques to provide enhanced abilities in disease classi-
fication, prognosis, treatment response and early detection
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[69]. Cardiac MRI is an attractive avenue for radiomics due
to the large volume of spatial data, including functional data
and tissue characterisation, where a typical workflow incor-
porates the extraction of hundreds to thousands of quanti-
tative features, followed by pattern analysis with ML tech-
niques. One of the challenges arising in CMR assessment
of myocarditis is differentiating it from focal myocardial
infarction. Radiomic techniques such as texture analysis
(TA), which involves assessing spatial variations in pixel
intensity, have been utilised in T1 and T2 mapping for my-
ocarditis, with TA demonstrating a sensitivity and speci-
ficity for the diagnosis of acute, infarct-like myocarditis that
was significantly greater than the Lake Louise Criteria (area
under the curve [AUC]: 0.88 vs. 0.62) [70]. In addition,
radiomic and ML techniques have been used to predict a
composite of death, heart failure hospitalisation, ventricular
arrhythmia and recurrent myocarditis in patients with sus-
pected myocarditis (AUC: 0.8) based on LGE features [71],
and to identify varying patterns of CMR inflammation in
ethnically diverse populations [72].

Incorporation of machine learning techniques into
MRI assessment of myocarditis is in its relative infancy,
and suffers from limited data sets, single-centre data, and
heterogeneous methodologies [73]. However, these hur-
dles are likely to be overcome with the rapid development
of Al platforms and technological advances, with the abil-
ity to share large volumes of data [74]. Further research
is required to maximise the potential of Al in transforming
diagnostic and prognostic approaches in myocarditis.

6. Conclusion

A multi-modality cardiac imaging approach is key in
the workup of potential myocarditis. All patients should
undergo echocardiography in the first instance, and where
available, CMR is the next investigation of choice. It is im-
portant in establishing aetiology, excluding alternative di-
agnoses and aiding prognostication and risk stratification,
along with guiding therapeutic decision making. There
have been recent advancements in risk stratification in my-
ocarditis; however, there remains considerable uncertainty
regarding optimal treatment strategies and the timing of
interventions, particularly with respect to immunomodula-
tory therapies. Improvements in current echocardiographic
and CMR techniques, along with newer approaches like ra-
diomics and strain, are poised to expand the diagnostic and
prognostic capabilities, but further research is needed to re-
fine risk assessment, clarify therapeutic approaches, and ul-
timately improve patient outcomes in this heterogeneous
condition.

Key Points

e Myocarditis often affects young patients, presents het-
erogencously, and can range from mild symptoms to
life-threatening complications.

e Diagnosis remains challenging, and although biopsy re-
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mains the diagnostic gold standard, its low sensitivity,
procedural risks, and limited availability have driven a
shift toward non-invasive imaging, particularly cardio-
vascular magnetic resonance (CMR).

e CMR is the preferred imaging modality for the as-
sessment of myocarditis, incorporated into international
guidelines, it allows for the dynamic assessment of car-
diac function and detailed tissue characterisation.

e Novel applications such as CMR-based strain, ra-
diomics, and machine learning applied to MRI data show
early promise in improving diagnostic precision and pre-
dicting outcomes.
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