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Abstract

Myocardial inflammation occurs following activation of the cardiac immune system, producing
characteristic changes in the myocardial tissue. Cardiovascular magnetic resonance (CMR) is the
non-invasive imaging gold standard for myocardial tissue characterisation, and is able to detect
image signal changes that may occur resulting from inflammation, including edema, hyperemia,
capillary leak, necrosis, and fibrosis. Conventional CMR for the detection of myocardial
inflammation and its sequela include T2-weighted imaging, parametric T1- and T2-mapping,
and gadolinium-based contrast-enhanced imaging. Emerging techniques seek to image several
parameters simultaneously for myocardial tissue characterisation, and to depict subtle immune-
mediated changes, such as immune cell activity in the myocardium and cardiac cell metabolism.
This review article outlines the underlying principles of current and emerging CMR methods for
imaging myocardial inflammation.
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Introduction

Cardiac immune system and myocardial inflammation

The immune system in the healthy adult heart comprises all of the major leukocyte classes,
including mononuclear phagocytes, neutrophils, B cells, T cells and resident macrophages
1 In response to injury or insult, the immune system produces an inflammatory response,
summarised below:

Ischemic injury/inflammation (myocardial infarction)—Insufficient oxygen delivery
to myocardial tissue results in ischemia, which, if prolonged, leads to cardiomyocyte
necrosis and the release of damage-associated molecular patterns. Mast cells degranulate
and, along with resident macrophages and cardiomyocytes, produce inflammatory cytokines
and chemokines, which lead to recruitment and production of neutrophils and monocytes.
These recruited cells release further inflammatory cytokines, and further recruit immune
cells. Neutrophils are cleared over the following days as the healing phase commences.
Monocytes persist and differentiate into macrophages that produce growth factors, which
can lead to collagen production by fibroblasts, attenuation of inflammation, and neo-
angiogenesis. Within several weeks, monocyte recruitment ends and a scar forms 23,

Non-ischemic injury/inflammation—Non-ischemic inflammation can occur in response
to a wide range of factors, such as infectious agents (including viral or bacterial), systemic
immune-mediated diseases, drugs, and toxins 4. Viral infection is the most common etiology
of infectious myocarditis. A similar immune response to ischemic injury occurs, as detailed
above. Additionally, where infectious agents are involved, host recognition of the antigen
leads to further inflammatory cytokine production and innate immune receptor signalling,
causing recruitment of natural killer (NK) cells and dendritic cells. Dendritic cells ingest
dead and damaged cardiomyocytes and move to the spleen to present antigens to naive B
and T cells, which initiates activation of the adaptive immune response.

The immune response varies significantly by individual. In some, the inflammatory response
is acute and comprehensive, lasting only a few weeks; in others, there is excessive or
persistent activation of the immune system, with ongoing inflammation and ineffective viral
clearance lasting from months to years, leading to long-term effects on the heart and its
function 23,

The gold standard to confirm inflammation /n vivo is through endomyocardial biopsy.

This is an invasive procedure, with low diagnostic accuracy due to sampling errors, and

is performed increasingly rarely °. However, some of the immune-mediated inflammatory
changes in myocardial tissue can be detected non-invasively with cardiovascular imaging.
This article will focus on cardiovascular magnetic resonance (CMR) as an imaging modality
for detection of myocardial changes relating to immune-mediated inflammation.

Cardiovascular Magnetic Resonance (CMR)

CMR has become a primary tool for non-invasive assessment of various cardiovascular
pathologies. In addition to structural and functional cardiac evaluation, CMR can generate
contrast between different soft tissue types. This provides non-invasive myocardial tissue
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characterisation, and can detect and quantify changes associated with cellular and metabolic
activity in the myocardium 8.

Its principle lies in the nuclear spin, an intrinsic property of nuclei with an odd number of
protons such as hydrogen, that gives rise to a small randomly oriented magnetic moment,
which will produce a net magnetisation when placed within a static magnetic field (due to
an excess of spins aligned with the external magnetic field). The temporal evolution of this
net magnetisation, constituting of precession, excitation (nutation) and relaxation is utilised
to generate MR images /. By employing a radio frequency pulse, the net magnetization can
be tilted away from the direction of the static magnetic field thereby creating transverse
magnetization that precesses at the Larmor frequency and which induces an oscillating
signal in a receiver coil by Faraday induction. The transverse magnetisation (MR signal)
decays at a rate given by the T2 relaxation time and the initial net magnetization is rebuilt

at a rate given by the T1 relaxation time. The T1 and T2 relaxation times depend on the
underlying tissue type and thus the MR signal depends on T1 and T2 as well as the choice of
the pulse sequence parameters 8. Externally administered agents may be used to enhance the
visualization of variations in tissue composition, the cardiac cellular substrate and cellular
metabolism.

In particular, for the visualization of myocardial inflammation, tissue alterations due to
underlying edema, hyperemia, capillary leak, as well as necrosis and fibrosis (if present),
can then be followed longitudinally. This can provide valuable insight into the pathogenesis
of inflammatory cardiovascular disease and help determine disease severity and prognosis.
MR imaging biomarkers may also be used to assess the efficacy of established or

novel therapeutic interventions 9. Established CMR methods include T1- and T2-weighted
imaging, parametric (T1- and T2-) mapping, and the use of gadolinium-based contrast
agents. Emerging CMR methods for assessing myocardial energetics and inflammatory
cell activity can provide further insights into the pathogenesis and disease evolution of
inflammatory cardiomyopathies.

Native Techniques

T2 weighted imaging

T2-weighted MR imaging represents the conventional technique for detection of myocardial
edema. One widely used technique is the short-tau inversion recovery (STIR) T2-weighted
sequence. It consists of two 180° pulses for the black blood preparation, followed by

a third, slice-selective 180° pulse to provide the STIR contrast and null myocardial fat.

The sequence utilizes segmented turbo spin echo imaging 1°. Bright-blood T2-prepared
single-shot balanced steady-state free precession and hybrid TSE-SSFP sequences 1112 are
alternative T2-weighted imaging methods.

Conventional T2-weighted imaging can be analyzed in a semi-quantitative fashion by
comparing the signal intensity (SI) from myocardium to a reference region of interest (ROI),
either placed in relatively unaffected myocardium, or in adjacent skeletal muscle, but is
subject to several artefacts and limitations 13. These include the semi-quantitative nature

of analysis, the relatively low signal-to-noise ratio (SNR) between edematous and normal
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myocardium, signal drop-out in the lateral wall (where myocarditis tends to occur), its
susceptibility to artifacts (non-suppressed blood near hypokinetic segments or the apex with
slow-flowing blood), and the fact that the skeletal muscle (the reference ROI) may also be
inflamed in a systemic inflammatory process, potentially resulting in false negative results.

T2-weighted imaging can depict myocardial edema in a wide range of ischemic and non-
ischemic cardiac conditions, including acute myocardial infarction, myocarditis of various
etiologies, Takotsubo syndrome, arrhythmogenic cardiomyopathy (ACM), cardiac transplant
rejection and cardiac sarcoidosis 14. T2-weighted-STIR can also be used to detect fluid
and/or edema of the inflamed pericardium in pericarditis (Figure 1, 11).

Parametric mapping

Newer CMR techniques that are based on quantitative pixel-wise parametric T1- and T2-
mapping may circumvent many limitations of conventional CMR tissue characterisation
techniques that are based on relative changes in signal intensities. Parametric mapping
typically employs an exponential signal model to create quantitative pixel-by-pixel maps of
the heart, without requiring normal myocardial tissue as reference within the same scan.
This allows for detection of diffuse or spatially uniform disease, facilitating comparison
within and between individuals over time, if the same mapping methods are employed, and
scans are acquired under similar conditions 915,

Various MR imaging techniques (sequences) exist for both T1- and T2-mapping.
Quantitative mapping methods have their own metrological properties, normal ranges,
dependencies on various sequence parameters, heart rate and clinical evidence bases. The
Society for Cardiovascular Magnetic Resonance (SCMR) has produced guidelines and
recommendations on parametric mapping and their implementation 1°. Absolute quantitative
threshold values for both T1- and T2-mapping are method-specific, with normal ranges
defined as the mean plus and minus two standard deviations. Local references ranges
should be established, using a minimum of 15 healthy volunteers, and benchmarked against
published reported ranges. However, where small-magnitude changes are expected (such

as myocardial fibrosis), high-precision reference ranges, derived from 50 or more healthy
subjects, may be required 1°. The SCMR also provides guidelines and expert consensus
statements on image post-processing, analysis and reporting 16. For detection of myocardial
edema, T1 or T2 values that are two standard deviations above the normal mean are
generally accepted as abnormally elevated 12:15.16 Analysis of T1 and T2 maps is currently
not standardized, but may employ basic approaches (such as global or segmental values)

or more advanced image analysis approaches, such as threshold-based topographic maps,
textural analysis or radiomics.

Though both T1- and T2-mapping techniques can detect immune-mediated inflammation,
T1 values are also extremely sensitive to tissue remodelling in the chronic setting, such

as in areas of focal and diffuse fibrosis. Some studies demonstrate that T2 values can be
especially sensitive to acute edema and inflammation, and less sensitive to detecting water
content in fibrotic areas 1718,
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T1-mapping

T1 (spin-lattice) relaxation time is the characteristic decay constant governing the

recovery of longitudinal magnetization (Mz) back to its thermal equilibrium following

a radiofrequency pulse. Various T1-mapping methods exist, and can be divided broadly
into two classes: (1) inversion recovery (IR)-based, such as the Modified Look-Locker
Inversion recovery (MOLLI) and the Shortened Modified Look-Locker inversion recovery
(ShMOLLI) methods; (2) saturation recovery (SR)-based, such as the Saturation-recovery
Single-Shot Acquisition (SASHA) method. Hybrid models also exist, which use a
combination of these two methods 19-22 IR methods are the most commonly used clinically
due to their larger dynamic range. Most MOLLI-based methods are sensitive to heart rate
variation and arrhythmias; however, the ShMOLLI sequence is significantly less heart-rate
sensitive and is able to produce excellent quality maps in patients with arrhythmia, due

to a conditional reconstruction algorithm 2023, Saturation recovery models are heart rate
independent, but generally have reduced precision and map quality compared to MOLLI-
based sequences 1. Hybrid models attempt to combine inversion recovery models and
saturation recovery models, but are currently not widely used clinically. Though each
sequence produces highly reproducible values when performed under similar conditions
(such as the same manufacturer model of MR scanner, magnetic field strength, other
hardware, software and technical parameters) 24, currently, quantitative mapping sequences
are not directly comparable between MR scanners from different manufacturers, and this is
an active area of development towards harmonization and standardization 15:24-27,

Native (pre-contrast) T1 values are prolonged by tissue free water content, and are typically
shortened by fat and iron while post-contrast T1 values are shortened by gadolinium-based
contrast agents. Increased native T1 values are seen in myocardial edema and during
myocardial inflammation; this may be due to intracellular and extracellular myocardial
edema, hyperemia, capillary leak, and myocyte necrosis 12. Increased T1 values are also
seen in areas of myocardial fibrosis, due to associated expansion of the extracellular space
and accumulation of free water content. T1-mapping has been histologically validated via
endomyocardial biopsy for the detection of myocarditis and acute myocardial inflammation
and in the detection of fibrosis 12:15.18,

T1-mapping can detect chronic changes seen in various inflammatory conditions, including
viral myocarditis, systemic sclerosis, rheumatoid arthritis, vasculitis, systemic lupus
erythematosus and sarcoidosis 28-3%; it is also of great diagnostic value in myocardial
infarction (M), due to detection of acute myocardial edema and fibrosis/scar following the
initial insult 1536, T1-mapping has also been histologically validated in the detection of
cardiac transplant rejection, which causes necrosis and inflammation following an immune
response 3.

T2-mapping

T2 (spin-spin) relaxation time is the MR constant governing the dephasing of transverse
magnetization (Mx,y) after excitation. Various T2-mapping methods exist, including single-
shot balanced steady-state free precession (bSSFP), gradient and spin echo (GRaSE) or fast
spin echo (FSE)-based pulse sequences. Current SCMR consensus statement recommends
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bSSFP or gradient echo pulse sequences preceded by a T2 preparation pulse, with a
minimum of three T2-weighted images 1°. Most T2-mapping methods have some heart rate
dependency, which can be reduced by a saturation pulse preceding the imaging sequence
and T2 preparation. Similarly to T1-mapping, T2-mapping is highly reproducible when
performed under similar conditions 38, but direct comparison cannot be made between
scans performed with different T2-mapping sequences; harmonization and standardization
of parametric mapping is an active area of development 15,

T2-mapping detects tissue free water content and is very useful for detection of acute
myocardial inflammation and edema. It is superior to conventional T2-weighted imaging in
diagnostic performance, and can overcome the limitations of T2-STIR, such as incomplete
blood suppression, signal dropouts in the lateral wall and lower signal-to-noise ratios 3°. Due
to its quantitative nature, T2-mapping can detect focal as well as global myocardial edema,
without reliance on reference regions of interest and relative signal intensities.

The use of T2-mapping in the detection of myocardial inflammation has been histologically
validated in humans 4. T2-mapping can be used in the detection and monitoring myocardial
inflammation in chronic systemic inflammatory diseases, such as vasculitides, systemic
lupus erythematosus and sarcoidosis 30-33:41, T2-mapping is also used in the detection of
acute myocardial infarction due to the associated edema and inflammation as part of the
acute immune response 42, and in the detection of acute cardiac transplantation rejection
through detection of inflammation and edema following immune response 43,

T1rho (T1p) measures the spin-lattice relaxation in the rotating frame, and is a sensitive
marker for probing macro-molecular-water interaction 44. T1p has been demonstrated to

be sensitive to edema in the acute setting and scar in chronic myocardial infarction. T1p-
mapping employs spin locking radiofrequency pulses, after nutating the thermal equilibrium
net magnetization into the transverse plane using a 90° pulse. The duration and the
frequency of the spin lock pulse define the T1p-weighting of the image. Application of T1p-
mapping to CMR has been reported in several studies, primarily to discriminate between
infarcted and healthy myocardium in animal models in a non-invasive and contrast-agent
free manner 4%, Edema also induces enhancement in T1p MRI, as demonstrated in the
area-at-risk in acutely ischemic myocardium 46. Like T1- and T2-based MRI, the main
principle for signal enhancement in T1p MRI appears to be edema associated increased
tissue water mobility and reduction of the rotational correlation time, as demonstrated in

the area-at-risk in acutely ischemic myocardium 46. In a proof-of-principle study, patients
with acute myocarditis and Takotsubo cardiomyopathy demonstrated elevated T1rho in
T2-positive areas of acute myocardial injury and edema (Figure 2) 47. This sequence is not
routinely used in clinical practice, as further clinical studies are mandated for robust clinical
validation.

Magnetic Resonance Fingerprinting & MR Multitasking

Cardiac Magnetic Resonance Fingerprinting (c(MRF) and magnetic resonance multitasking
(MRT) have recently emerged as alternative approaches to quantify rapidly and
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simultaneously multiple tissue properties, including T4, T, and T1rho. cMRF and

MRT offer the potential to shorten and simplify scanning protocols and improve scan
reproducibility. cMRF relies on highly accelerated imaging and incoherent under sampling
artefacts, where acquisition parameters, such as flip angle or repetition time, vary pseudo-
randomly throughout the scan to generate a unique signal evolution for every tissue, the
so-called “fingerprint”, defined by different combinations of T1, T2 and other parameters of
interest 48, Parametric encoding can also be increased by inserting magnetization preparation
blocks (e.g., IR or T2-prep) prior to imaging. In parallel, a “dictionary” of possible signal
evolutions for a sufficiently large and representative number of combinations of parameters
of interest (such as T1 or T2) is generated using the specific acquisition parameters. The
“fingerprint” of every voxel is then compared against all entries included in the dictionary
by pattern matching (e.g. dot product or least square), to estimate the parameter combination
that best represents the measured signal evolution 4°.

Magnetic resonance multitasking is an alternative paradigm that can also provide
multiparametric imaging. This technique captures cardiac motion, respiratory motion and
relaxation parameters continuously, and can resolve the overlapping dynamics without
the use of ECG triggering or breath holds. All possible signal evolutions that are taking
place due to different image dynamics (i.e., T1 recovery, T2 decay, cardiac, respiratory
motion) are stacked as an extra temporal dimension or “task” in a high dimensional low
rank tensor (LRT), specifically designed for cardiovascular imaging 0. cMRF and MRT
are novel paradigms that can provide multiparametric tissue characterization. To-date they
have been validated in healthy volunteers and in patients post myocardial infarction with
good correlation to clinical reference, thus holding promise for future applications in
inflammatory cardiomyopathies (Figure 3) 51:52,

Contrast-Enhanced Techniques

Gadolinium-based contrast agents

The most commonly-used MRI contrast agents exploit the paramagnetic property of the
lanthanide ion, gadolinium. While the free gadolinium ion (Gd3+) itself is toxic in humans,
gadolinium-based contrast agents (GBCAS) contain organic ligands that bind Gd3+ to form
stable molecular complexes that can be administered intravenously and then subsequently
excreted from the body. Those can be either linear or macrocyclic on the basis of the

shape of the organic chelate agent, and are further subdivided as ionic or non-ionic groups.
Macrocyclic GBCASs have higher structural stability than linear agents, and ionic agents tend
to bind Gd3+ more tightly than non-ionic agents 3. The biodistribution is assumed to be
primarily extracellular (in intravascular and interstitial spaces). GBCAs potently shortens
T1 relaxation time, and gadolinium-based contrast enhancement in-vivo is achieved by its
accumulation in abnormal tissues (hence, an increase in tissue signal intensity).

Early gadolinium enhancement (EGE)—Early gadolinium enhancement (EGE) may
be used as an imaging biomarker of hyperemia, capillary leakage and microcirculatory
disturbance during the early vascular phase in inflammation. Image acquisition begins about
10 seconds after contrast injection (after the first pass), completing imaging during the first
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3 to 5 min after injection of GBCA. For myocardial EGE, an IR-prepared fast spin echo
sequence with sufficient T1-weighting is used. Pre- and post-contrast images are obtained
with identical imaging parameters. Semi-quantitative comparison is made for the myocardial
signal intensity enhancement relative to a skeletal muscle reference region in the same
image, and then comparing pre- and post-contrast images to obtain an EGE ratio, with set
cut-offs to detect significant enhancement 12, Although EGE can provide diagnostic and
prognostic information in myocarditis 4, there are several limitations, including long scan
times, variable image quality and the requirement for significant expertise. EGE is one of
the three original Lake Louise Criteria for using CMR to detect myocardial inflammation,
but subsequent cumulative studies demonstrated that omitting EGE did not affect overall
accuracy for diagnosing myocardial inflammation, despite being associated with a lower
positive likelihood ratio 12. Consequently, many centers rely on T2-based imaging and LGE
for to support an imaging diagnosis of myocarditis, as per the updated Lake Louise Criteria
(2018), although EGE is still used in experienced centers and in research (Figure 4 5°) 12,

Late gadolinium enhancement (LGE)—LGE is widely used clinically for non-invasive
myocardial tissue characterization. After injection of an extravascular GBCA into the
bloodstream, the redistribution properties of the GBCA into the extracellular and interstitial
space are exploited in LGE MRI. GBCA can persist longer in areas with extracellular

space expansion, including those due to fibrosis, myocyte loss and also acute necrosis
where the contrast can enter into the intracellular compartment via disrupted cell membranes
56_ This results in a relatively higher concentration of the GBCA in affected areas. By
imaging following a delay of around 10 minutes after the injection and with correct

nulling of normal myocardium, a higher signal in abnormal tissue is created, compared

to normal, nulled myocardium. Typically, segmented inversion recovery gradient echo or
bSSFP, phase-sensitive inversion-recovery (PSIR) sequences are preferred in appropriate
patients with satisfactory breath-holding ability and if SNR is sufficient. Single-shot imaging
(bSSFP readout) is performed as an alternative for patients with irregular heartbeat, and/or
difficulty with breath holding 12. 3D LGE and dark-blood LGE sequences are now also
available 5728, It is emphasized that LGE reflects an expansion of extracellular space, and

is not designed to detect myocardial inflammation; rather, LGE may be associated with
inflammation if it leads to myocyte necrosis/fibrosis. There is a substantial body of clinical
studies demonstrating that LGE provides significant diagnostic information in myocardial
inflammatory diseases, including myocarditis, sarcoidosis, rheumatoid arthritis, systemic
sclerosis, lupus erythematosus, peripartum cardiomyopathy and acute rejection in cardiac
transplant recipients 12:59-61,

Extracellular Volume (ECV)—Myocardial inflammation, among other disease entities,
may lead to extracellular space expansion. This could be due to interstitial changes in

view of myocyte necrosis, focal replacement fibrosis or diffuse myocardial fibrosis (DMF)
and acute extracellular edema. In the absence of other sources of ECV expansion (such

as amyloidosis, edema, focal fibrosis), ECV is a surrogate marker for diffuse myocardial
fibrosis 62. ECV can be used as an adjunct to understand myocardial disease in inflammatory
cardiomyopathy.
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ECV estimation is based on the intravenous injection of an extracellular gadolinium-based
contrast agent with non-protein-bound volume distribution; it can be measured using CMR
pre- and post-contrast T1-mapping, and the hematocrit 15. The underlying principle is that
the T1 shortening effect of an extracellular GBCA on a tissue is directly related to its tissue
concentration. The relationship between ECV in the myocardium and blood is approximated
by this relationship, where A is the gadolinium partition coefficient:

ECV yocardium _

ECV i
P B |
i = TImyo,ue0 _ TImyo,um)
- 1 1

(leloodlm,g,, ~ TThlood,ym)

ECVyipoa=1— Hct

Thus, rearranging the formula and expanding the terms, the ECV of the myocardium is
given as follows:

1 1
T Tmyopmed ~ T1myomm)
1 1
G blood poyca  T1 Bloodymy

ECV myocardium = *(1 - Hct)15 .

Accurate ECV quantification is dependent upon the contrast agent having reached
equilibrium within tissue compartments. Initially, quantification of myocardial ECV was
achieved using the equilibrium (EQ-CMR) technique, which showed good correlation with
histologic collagen volume fraction 63, EQ-CMR assumes an equilibrium steady state
between the intravascular and interstitial spaces as a strict, two-compartment model. This
requires a constant infusion of contrast, and the entire procedure may last up to 2 hours.
This protocol is now abbreviated by using the bolus or split-bolus contrast technique, which
showed similar validation with the infusion technique 4. The dynamic-equilibrium CMR
protocol acquires a pre-contrast T1-map, followed by injection of a bolus of extravascular
GBCA,; after a delay of 10-15 min, a matching post-contrast T1-map is also acquired.

Confounders with regards to the accuracy of ECV estimation include incomplete dynamic
equilibrium, contrast transfer into other compartments, and a faster renal clearance than
exchange rate 5. A simplified approach for the assessment of ECV is introduced where the
hematocrit can be estimated from native values of blood pool T1 (“synthetic ECV”) 66:67,
The development of 3D T1-mapping acquisition are explored in 3D ECV quantification 68,

ECV has been shown to be elevated in EMB-proven acute myocarditis, correlating with
edema, and in subclinical myocardial disease in rheumatoid arthritis, systemic lupus
erythematosus and systemic sclerosis, likely representing low-grade inflammation and
diffuse fibrosis 282932,
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Lake Louise Criteria for Non-Invasive Detection of Myocardial Inflammation

Due to the superior capability of CMR in the non-invasive detection of myocardial
inflammation compared to other imaging modalities, the International Consensus Group

on CMR Diagnosis of Myocarditis published expert consensus recommendations in 2009,
known as the Lake Louise Criteria 3°. These were updated in 2018 to include parametric T1-
and T2-mapping 12 (Table 1 12:39),

The original Lake Louise Criteria (2009) proposed that, in the setting of clinically suspected
myocarditis, CMR findings are consistent with myocardial inflammation if at least “two
out of three” CMR criteria were fulfilled: myocardial edema (on T2-weighted imaging),
hyperemia and capillary leak (on EGE), and necrosis/fibrosis (on LGE) 3°. These had

an overall diagnostic accuracy of 78% (sensitivity 67% specificity 91%) 12. Following

the development of directly quantitative pixel-wise T1- and T2-mapping, the Lake Louise
criteria were updated in 2018, and revised. Probable myocardial inflammation is considered
to be present on CMR if 2 out of 2 criteria were met: one positive T1-based criterion and
one positive T2-based criterion (Table 1). Positive T2-based markers would be consistent
with the presence of myocardial edema, an essential component of inflammation, while
positive T1-based markers would be consistent more broadly with associated myocardial
injury. One out of two criterion (either T1 or T2 positivity) may still support a diagnosis

of myocardial inflammation, but positivity of both markers has increased specificity for

an imaging diagnosis of myocardial inflammation 12. The threshold values for positivity
are method- and centre-specific, but are generally considered positive when the global or
regional T1/T2 value is more than two standard deviations above the normal mean 15,

The updated Lake Louise criteria (2018) have improved diagnostic value compared to the
original Lake Louise criteria (2009), with a validation cohort demonstrating an improved
overall sensitivity of 88% and specificity of 96% for acute myocarditis 8. The Lake Louise
Criteria have also been shown to correlate to histopathologic findings of myocarditis 7°
(Figure 5). The Lake Louise criteria have been validated mainly in patients with suspected
active or acute inflammation. Compared to the acute setting, T2-mapping may be less
sensitive in detecting chronic, low-grade inflammatory signal changes; while T1-mapping
is highly sensitive to detecting increased free water in acute myocarditis, it is also sensitive
to detection of water in more chronic settings, such as in areas affected by scarring or

other causes of expanded extracellular space, and thus may not always differentiate between
acute and chronic changes as a stand-alone technique 12.Nevertheless, CMR, especially with
parametric mapping, has demonstrated its utility in identifying inflammation in various
chronic inflammatory conditions, such as sarcoidosis, systemic sclerosis, vasculitides,
systemic lupus erythematosus and rheumatoid arthritis 12, Despite this reduced sensitivity,
parametric mapping still has great utility in the identification of ongoing inflammation

in chronic inflammatory conditions, such as sarcoidosis, systemic sclerosis, vasculitides,
systemic lupus erythematosus and rheumatoid arthritis 28-34,
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CMR Imaging of Inflammatory Cellular Activity and Myocardial Energetics

Cell labelling

Clinical CMR is currently established for non-invasive assessment of inflammation at
myocardial tissue level. At the cellular level, inflammatory cells, such as macrophages/
monocytes and neutrophils, play a major part in both the initiation, maintenance and
resolution of inflammation. Therefore, identifying cellular activity is significant, as it can
enable precise diagnosis and monitoring of disease progression, and potentially facilitate
targeted therapeutic interventions. Multiple methods are under investigation, but are yet to
be adopted into clinical use.

Ultrasmall superparamagnetic particles of iron oxide (USPIO)

USPIOs have been used to image macrophages in immune-mediated conditions. USPIO
consist of an iron oxide core surrounded by a carbohydrate or polymer coating, and

are small enough to extravasate through diseased microvessels, where they are engulfed

and concentrated by tissue-resident macrophages 7. Accumulation of USPIOs shortens
T2* decay time and creates signal deficits that can be quantified and visualized using

T2* MRI. Tissue properties, such as the presence of edema or hemorrhage, can modify
image intensities on T2* sequences; therefore, pre- and post-contrast images need to

be compared to delineate the impact of USP1O accumulation. USP1Os also have a T1
shortening effect, particularly at low concentrations, and appear bright on T1-weighted
images. Rather than assessing focal image brightness at a single echo time, the T2* time
constant can be calculated from the exponential decay curve using multiple echo times. This
method provides greater reproducibility, broad applicability throughout the field of view, and
independence from T1 effects and a range of imaging variables.

USPIO-enhanced MRI can detect tissue-resident macrophage activity and identify cellular
inflammation within tissues. Preclinical and preliminary clinical studies have validated

this quality in pathologies involving monocyte influx in the myocardium (autoimmune
myocarditis, cardiac transplant, acute Ml, Takotsubo cardiomyopathy) and plaque
(atherosclerosis) 6:72-74, Existing concerns include the difficulty to differentiate the negative
contrast from potential calcification, susceptibility artifacts, and flow-related signal loss or
air. Those are addressed through the recent development of off-resonance techniques that
generate positive contrast, and are promising for clinical translation 7>=77.

19F-enhanced CMR- perfluorocarbons

Intravenously administered perfluorocarbons (PFCs) represent an alternative approach for
imaging immune cells in the cardiovascular system with CMR. PFCs are utilized as a
contrast agent to visualize specific molecular targets /8 with high signal specificity, since
19F is essentially absent in living organisms. One important advantage is the creation of
positive image contrast, which is directly proportional to the concentration of 19F nuclei
within the tissue, providing a semi-quantitative visual assessment. Preclinical studies have
utilized perfluorocarbon (PFC)-containing nanoparticles that are taken up by circulating
monocytes once given intravenously. 19F hot spots due to 19F-loaded immune cells
accumulation are generated at the site of inflammation in different pathologies (post
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myocardial infarction, graft rejection, viral and autoimmune myocarditis) /%82 (Figure 6,
82). While the particular 19F containing molecule features a favorable safety profile and

a biological half-life for monitoring cells over several days, its resonance spectrum is
composed of several peaks, which is challenging from a MR imaging perspective. Several
MR pulse sequences and reconstruction options are being explored with an aim to translate
19F-based imaging strategies into clinical practice.

Gadolinium-based activatable sensor for myeloperoxidase activity imaging

The detection of inflammation in the myocardium can also be performed by imaging a
myeloperoxidase-activated gadolinium chelate (MPO-Gd). Areas with injured myocardial
tissue elicit recruitment of neutrophils and monocytes, which sequentially introduce MPO.
The recently developed specific MPO sensor — 5-hydroxytryptamide MPO-Gd - is activated
by MPO, undergoes polymerization, binds to matrix proteins in areas of high MPO activity,
and exhibits increased T1 relaxivity. This leads to increased enhancement on T1-weighted
MRI 83, Preclinical animal studies using this probe have successfully imaged oxidative
stress in the myocardium, which has improved understanding of the molecular inflammatory
response 83,

Magnetic resonance spectroscopy (MRS)

Current MR techniques to assess inflammation rely on the observable consequences of
immune system activity via imaging signals, rather than imaging immune cell activity
directly. This is due to limitations in the imaging resolution and signal-to-noise (SNR)

ratio at normal temperatures and magnetic field strengths. Magnetic resonance spectroscopy
(MRS), which detects individual metabolites based on their resonant frequencies, seeks

to examine metabolism /n vivo. Different nuclei and molecules can be studied using a
variety of methods. Limitations include low sensitivity and technical constraints, as well as
extended acquisition times 84,

Phosphorus (31-P)

Adenosine triphosphate (ATP) is the direct source of energy in the heart, and is catalysed in
the mitochondria by creatine kinase to adenosine diphosphate (ADP) and phosphocreatine
(PCr). PCr diffuses rapidly from the mitochondria to the myofibrils, where creatine kinase
catalyzes the reformation of ATP. In the healthy heart, when ATP demand rises, ATP
production will be stimulated via physiological processes. However, in the unhealthy

heart (such as ischemic myocardium, or in cardiomyopathies), there is impaired energy
production capacity. To maintain ATP levels, the PCr level starts to decrease and ADP
levels rise. The PCr/ATP ratio will thus change. ATP, ADP and PCr can be detected via
31-Phosphorus-MRS. Each molecule creates a slightly different peak on spectroscopy, and
so can be individually identified (Figure 7 8). We therefore can study and quantify PCr,
ATP and ADP levels in hearts with inflammation 86. A decrease in PCr to ATP ratio is
seen in a range of conditions associated with myocardial inflammation, such as myocardial
ischemia, heart transplant rejection, valvular heart disease, Takotsubo cardiomyopathy,

and inherited cardiomyopathies 7487-92_ In valvular heart disease and cardiomyopathies,
inflammation can occur secondary to the immune response generated by pressure overload
and cardiac remodelling 93. Reduced 31-P signal and a decreased PCr:ATP ratio has also
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been demonstrated in infarcted myocardial tissue in animal models %4. Gaining real-time
in vivo information about the myocardial energetics during inflammation is a growing and
valuable area of research.

Carbon (13-C) and hyperpolarized MRI

Hyperpolarized MRI can be used to image the immune system through detection of key
metabolites (such as pyruvate and fumarate) which are formed during immune cell activation
due to increased metabolic requirements. Magnetic properties of external substances are
manipulated to create molecular contrast agents, improving signal-to-noise (SNR) ratio by
several orders of magnitude. There are different methods of hyperpolarization; however,

the recent development of dissolution dynamic nuclear polarization (DNP) has significantly
improved the SNR ratio to the extent that /n vivo study of metabolic processes using 13-
Carbon could be undertaken 9. Current barriers to widespread adoption of hyperpolarized
MRI are the high cost of the hyperpolarizer system, the need for extra CMR hardware that is
13-C capable, and expertise %.

Cardiac metabolism can be studied via hyperpolarized [13-C]pyruvate. Pyruvate is an end
product of glycolysis in aerobic metabolism, but also is metabolized to lactate in anaerobic
metabolism. During inflammation, there is increased glycolysis following activation of
immune cells and proliferation of T cells and B cells. These increased energy requirements
lead to an anaerobic switch and increase in lactate production 97. The evolving field

of immunometabolic phenotyping is then able to infer inflammatory cell phenotypes

and function from the metabolic changes and [13C]lactate signature seen 9899, Lactate
production is not specific to immune cells; however, the magnitude of lactate increase in
inflamed cells is such that it is easy to differentiate between these and normal tissue %
(Figure 8).

Assessment of pyruvate metabolism /n vivo in humans has recently been shown to be
feasible 190, with early clinical studies of hyperpolarized [13C]pyruvate underway in several
centers worldwide 50, The underlying biological process driving the MR contrast in this
approach is similar to the mechanism underlying high uptake of 18-FDG using PET, though
hyperpolarized MR has the advantages of more rapid acquisition times, absence of ionising
radiation and avoidance of the need for artificial suppression of cardiac carbohydrate
metabolism.

A further hyperpolarized magnetic resonance molecule, hyperpolarized [1,4-13C2]fumarate,
provides a direct MR probe of active myocardial necrosis. The fumarate-to-malate hydration
reaction is catalyzed by the intracellular enzyme fumarase as part of the tricarboxylic acid
cycle. Animal studies have demonstrated that myocyte necrosis exposes the [1,4-13C2]
fumarate molecule to fumarase, leading to production of [1,4-13C2]malate, which does

not occur when cell membranes are intact 58. Although yet to be translated to clinical

use, hyperpolarized [1,4-13C2]fumarate holds promise as a biomarker of active necrosis

in inflammatory heart diseases, and could aid in detecting disease activity and evaluating
response to treatment.
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Summary

The immune system plays an integral role in many pathologies within the human heart.
This may either be in response to an acute insult, such as ischemia or infectious

agents, or due to more insidious pathologies in inflammatory cardiomyopathies, such

as autoimmune myocarditis and sarcoidosis. Cardiovascular magnetic resonance (CMR),
due to its superior ability to visualize myocardial tissue, has various techniques that
enable non-invasive imaging of the immune system. Many methods are established

and widely used, such as T2 weighted imaging, gadolinium-based contrast agents,

and parametric mapping. These detect changes in the myocardial tissue that occur
following immune system activation, such as edema, hyperemia and fibrosis (scar).
Emerging methods focus on non-invasive imaging of the immune system directly, by
imaging either the immune cells themselves through cell labelling or imaging their
metabolic activity though magnetic resonance spectroscopy and hyperpolarized MRI.
Further clinical trials are necessary to validate these methods prior to clinical adoption. If
validated, the ability to image changes at cellular and molecular level could pave novel
paths in our understanding of inflammatory cardiomyopathies, disease prognostication
and personalized treatment regimes.
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Figure 1.

Cagrdiovascular magnetic resonance criteria for myocarditis (Lake Louise Criteria) in the
same patients: regional myocardial edema (top left), hyperemia in images acquired early
after contrast injection (top right), and inflammatory necrosis in images acquired late (>10
minutes) after contrast injection (bottom). All 3 criteria are positive. As originally published
by Wolters Kluwer Health, Inc in Friedrich and Marcotte, Circulation: Cardiovascular
Imaging. 2013;6:834 11
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Figure 2.
A. 51-year-old male patient with acute myocarditis. Extensive patchy intramural and

subepicardial late gadolinium enhancement (LGE) in the left ventricular free wall and the
corresponding changes in T1rho-mapping. B. 35-year-old male patient with myocarditis.
Intramural LGE in the basal antero-septal segment and the corresponding changes in T1rho-
mapping. Modified image originally published by BMC in Bustin et al, J Cardiovasc Magn
Reson. 2021;23(1):119%'.
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Figure 3. Patient with subendocardial chronic infarct.
(a) Phase-sensitive inversion recovery late gadolinium enhanced (PSIR LGE) images

showing infarct (red arrow). (b) Diagram of reported unviable segments (c) conventional
maps (d) cardiac MRF maps. Example ROIs drawn in the scar (red) and remote (black) areas
are shown on the conventional T2 map (c). Water T1 (pre- and post-contrast), water T2, and
synthetic ECV cardiac MRF values are in good agreement with conventional measurements.
MRF = Magnetic Resonance Fingerprinting. ROl = Region of Interest. ECV = extracellular
volume. As originally published by Wiley in Jaubert et al. Journal of Magnetic Resonance
Imaging. 2021;53(4):126252
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(a)

Figure 4. Cardiovascular magnetic resonance (CMR) images of a patient who presented with
severe acute viral myocar ditis.

(A) Dark-blood T2-weighted imaging showed global and focal increased myocardial T2
signal intensity, with a T2 signal intensity (SI) ratio compared to skeletal muscle (not shown)
of > 3.0, consistent with severe acute edema. (B) T2-mapping showed global increase in
myocardial T2 values of 89 ms (1.5 Tesla), consistent with edema. (C) Late gadolinium
enhancement (LGE) imaging showed multiple areas of midwall, subepicardial and patchy
enhancement in a non-coronary distribution. (D) Native T1-mapping using the ShMOLLI
method showed significantly increased global myocardial T1 values (1048 ms; normal 962 +
25 ms), and up to 1240 ms in focal areas of injury. (E) Post-gadolinium contrast T1-mapping
(at 15 min) showed areas of very low T1 in areas of LGE. (F) Extracellular volume (ECV)
mapping showed significantly expanded ECV of 43% (normal 27 + 3 %). ShAMOLLI =
shortened modified Look-Locker inversion recovery. From: Ferreira VM et al. Myocarditis.
In: The EACVI Textbook of Cardiovascular Magnetic Resonance M. Lombardi, V. Ferrari,
C. Bucciarelli-Ducci, S. Petersen, and S. Plein, Eds. Oxford, UK: Oxford University Press
2018. %
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T2'STIR

Figure5. Cardiovascular magnetic resonance (CMR) and pathology resultsfor arepresentative
case of myocarditis.

(A) T2-STIR, (B) EGE, (C) LGE, (D) native T1, (E) ECV, and (F) T2-mapping. (G)
indicates focal myocyte damage with lymphocytic infiltration. Immunohistochemistry
revealed (H) LCA + (x40) and (1) CD20 + (x40). As originally published by Open Access
Frontiers in Li et al. Frontiers in Cardiovascular Medicine. 2021;8:739892. T2 STIR = T2
short-tau inversion recovery, EGE = early gadolinium enhancement, LGE = late gadolinium
enhancement, ECV = extracellular volume, LCA = leukocyte common antigen, CD = cluster
of differentiation °
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Figure6. In vivo fluorine-19 (1%F)-car diovascular magnetic resonance (CMR) of myocar ditis.
A, IH CMR slice in the short-axis orientation at the base of the heart of a mouse with

disease score 3; IH CMR depicts the right and left ventricles (RV and LV) as well as the
lung (Lu) and liver (Li). B, 1°F-CMR of the same anatomic location. Two regions with a
19 signal can be observed: a thin line at the level of the myocardium (solid arrow) and

a larger region at the level of the liver (dotted arrow). The color coding for 19F signal
intensity is given to the right (in arbitrary units). C, Fusion of the H (A) and 19F images
(B): the 19F signal colocalizes with the subepicardial layer of the LV anterior wall, the RV
free wall (arrow) and the liver (dotted arrow). D, A similar fused basal slice in an animal
with disease score 4. Here, the 19F signal is spread over the majority of the ventricles with a
subepicardial 1°F signal in the inferior wall of the LV (arrow head). E, Animal with disease
score 2 with a relatively small patch of 1°F signal (arrow). F, Healthy control, in which

a 19F signal can only be observed in the liver (dotted arrow). As originally published by

Wolters Kluwer Health, Inc in van Heeswijk et al. Circ Cardiovasc Imaging. 2013;6(2):280
82
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Figure7.

Regpresentative results of LVM/EDV, PCr/ATP and Lipid/water for heart failure with
preserved ejection fraction (HFpEF) (left) and control (right). Cine imaging (top panel),
31p_.CMRS (middle panel) and IH-CMRS (bottom panel). IH-CMRS spectra are scaled
based on unsuppressed water (not shown) and noise level. LVM = left ventricular mass;
EDV = end-diastolic volume; PCr = phosphocreatine; ATP = adenosine triphosphate; CMRS
= cardiovascular magnetic resonance spectroscopy. As originally published by Springer
Nature in Mahmod et al. Journal of Cardiovascular Magnetic Resonance. 2018;20(1):88 &
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Figure 8.
Hyperpolarized [13C]lactate generation in a rodent model of cryoinfarction at 3 days post-

experimental myocardial infarction compared to sham. Modified image originally published
by Wiley in Anderson et al. NMR in Biomedicine. 2021;34(3):e4460 %
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Table 1
A summary of the original (2009)39 and revised (2018)12 L ake L ouise criteria

Lake Louisecriteria

Lake Louise Criteria (2009)3°:

In the setting of clinically suspected myocarditis, CMR findings are consistent with myocardial inflammation if at least 2 of the following 3
criteria are present:

- Regional or global myocardial Sl increase in T2-weighted images (edema)

- Increased global myocardial early gadolinium enhancement ratio between myocardium and skeletal muscle in gadolinium-enhanced
T1-weighted images (hyperemia)

- At least 1 focal lesion with nonischemic regional distribution in inversion recovery-prepared gadolinium-enhanced T1-weighted images
(*LGE*) (necrosis/fibrosis)

The presence of LV dysfunction or pericardial effusion provides additional, supportive evidence or myocarditis.

Updated L ake L ouise criteria (2018)'2:

Any 2 out of 2 are present:

- T2-based imaging: regional high T2 SI orGlobal T2 Sl ratio = 2.0 in T2W CMR images or Regional or global increase of myocardial T2
relaxation time

- T1-based imaging: regional or global increase of native myocardial T1 or ECV orareas with high Sl in a nonischemic distribution pattern in
LGE images

Supportive criteria:

- Pericardial effusion in cine CMR images or High signal intensity of the pericardium in LGE images, T1-mapping or T2-mapping

- Systolic LV wall motion abnormality in cine CMR images

CMR = cardiac magnetic resonance LGE = late gadolinium enhancement LV = left ventricle

Sl =signal intensity T2W = T2-weighted ECV = extracellular volume
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