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HIGHLIGHTS:

e Tissue composition changes such as fibrosis, edema, or infiltration are frequent
features in myocardial diseases

e Cardiac imaging modalities offer the ability to characterize myocardial tissue to
varying extent

e Cardiovascular magnetic resonance offers comprehensive myocardial tissue
characterization providing various diagnostic and prognostic imaging biomarkers

e Advanced cardiac imaging is expected to become an integral part in risk-stratification
and personalized medicine

ABSTRACT

Myocardial fibrosis, either focal or diffuse, is a common feature of many cardiac diseases
and is associated with a poor prognosis for major adverse cardiovascular events. While
histological analysis remains the gold standard for confirming the presence of myocardial
fibrosis, endomyocardial biopsy is invasive, suffers from sampling errors, and is not
practical in the routine clinical setting. Cardiac imaging modalities offer non-invasive
surrogate biomarkers not only for fibrosis but also for myocardial edema and infiltration
to varying degrees, and have important roles in the diagnosis and management of cardiac
diseases. This review summarizes important pathophysiologic features in the
development of commonly-encountered cardiac diseases, and the principles, advantages
and disadvantages of various cardiac imaging modalities (echocardiography, single
photon emission computer tomography, positron emission tomography, multi-detector
computer tomography, and cardiovascular magnetic resonance imaging) for myocardial
tissue characterization, with an emphasis on imaging focal and diffuse myocardial
fibrosis.
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ABBREVIATIONS:

CMR= cardiovascular magnetic resonance

ECV= extracellular volume fraction

GBCA= gadolinium based contrast agent

LGE-= late gadolinium enhancement

LV= left ventricular

MDCT= multidetector computed tomography

MRI= magnetic resonance imaging

PET= positron emission tomography

SPECT= single photon emission computed tomography



INTRODUCTION

Myocardial diseases are characterized by changes in tissue composition, such as
the development of myocardial fibrosis, edema, or infiltration with fat, iron or amyloid.
Modifications in the extracellular matrix may lead to diastolic and/or systolic
dysfunction, increasing the risk of adverse cardiovascular events(1,2). Therefore, the
early detection of structural myocardial changes is of major diagnostic and prognostic
value. The gold standard technique to assess histological alterations, especially
myocardial fibrosis, is endomyocardial biopsy. However, sampling errors, the invasive
nature of endomyocardial biopsy, and its inability to quantify the fibrotic burden of the
entire  myocardium have limited its use (3). Cardiac imaging modalities
(echocardiography, single photon emission computer tomography-SPECT, positron
emission tomography-PET, multi-detector computer tomography-MDCT and cardiac
magnetic resonance-CMR) offer the ability to detect pathophysiologic myocardial
changes such as fibrosis, edema and infiltration to varying degrees, and have important
roles in the diagnosis, management and prognostic assessment of cardiac diseases.

In this state-of-the-art review, we will present the role of non-invasive imaging
techniques in myocardial tissue characterization, with an emphasis on fibrosis imaging, in

clinical applications.

PATHOPHYSIOLOGY

Myocardial Edema



Acute myocardial injury is followed by water dispersion in the intracellular and
interstitial spaces, as a consequence of ischemic acidosis, vasodilatation and increased
capillary permeability (4). Edema is an important component of acute myocardial
processes of varied etiologies, including myocardial infarction, myocarditis, stress
cardiomyopathy and heart transplant-graft rejection, and is associated with left

ventricular (LV) systolic and diastolic dysfunction(5).

Myocardial Fibrosis

Fibrosis is a common pathological feature of many cardiac diseases, resulting in
increased wall stiffness, cardiac remodeling and heart failure(6). Importantly, myocardial
fibrosis is a major prognostic factor of adverse cardiac events(7).

There are two main types of myocardial fibrosis: 1. Reactive interstitial fibrosis,
characterized by a diffuse microscopic distribution in the myocardium and sometimes by
localized perivascular distribution, seen in arterial hypertension, valvular heart disease,
diabetic  cardiomyopathy, hypertrophic  cardiomyopathy, idiopathic  dilated
cardiomyopathy and the aging heart. In contrast to replacement fibrosis, interstitial
fibrosis is not induced by cell death, and is a gradual process which can be reversed, if
the cause is treated promptly(8). It is considered a marker of disease severity. If the
condition worsens, it is followed by myocyte apoptosis and irreversible replacement
fibrosis(6). 2. Replacement fibrosis typically occurs after myocyte injury or death, mostly
in acute ischemic conditions, where cell apoptosis triggers fibroblasts and promotes
deposition of collagen fibrous tissue in the myocardium(9). It usually follows a localized

macroscopic distribution. Replacement myocardial fibrosis may also occur in



myocarditis, hypertrophic cardiomyopathy, idiopathic dilated cardiomyopathy,
sarcoidosis, and may demonstrate a diffuse distribution in toxic cardiomyopathies,
chronic renal insufficiency, and as part of systemic inflammatory diseases(10). It is often
present in the terminal stages of heart failure.

Another subtype of fibrosis is infiltrative interstitial fibrosis induced by the
progressive deposition of insoluble amyloid (amyloidosis) or glycosphingolipids

(Anderson-Fabry disease) in the heart(3).

Myocardial fat infiltration

Fat naturally develops around the heart, as pericoronary adipose tissue or
epicardial fat, mainly adjacent to the right ventricle. Abnormal myocardial fat infiltration
has been described in arrhythmogenic cardiomyopathy, cardiac lipoma, tuberous sclerosis
complex, and other cardiomyopathies. Lipomatous metaplasia also occurs in some

chronic scars in ischemic cardiomyopathy(11).

Myocardial iron infiltration
Myocardial iron overload is characterized by the accumulation of excess body iron
in the heart. Iron initially infiltrates the ventricular myocardium and subsequently the

atrium, progressively leading to iron overload cardiomyopathy(12).

Myocardial amyloid infiltration
The term “amyloid” is used to describe abnormal extracellular, insoluble, protein

fibrils that resist proteolysis and infiltrate many organs(13). Cardiac amyloidosis is



characterized by extracellular amyloid infiltration throughout the heart(13). Amyloid

deposits impair myocardial contractile function and electrical conduction.

IMAGING MODALITIES FOR MYOCARDIAL TISSUE

CHARACTERIZATION

Echocardiography

Myocardial reflectivity to ultrasound and the analysis of backscatter signal have
been used as a noninvasive method of tissue characterization and marker of collagen
deposition (14). A greater calibrated integrated backscatter is indicative of greater fibrosis
(Figure 1). Ultrasound elasticity imaging has been developed to measure the static
stiffness of tissues. This technique can be thought of as palpating the tissues virtually
using ultrasound(15). Although there is some correlation between calibrated integrated
backscatter and fibrosis in patients with extensive myocardial fibrosis, this relationship is
less clear in patients with milder degrees of fibrosis(16). Shear wave elasticity imaging
can also detect dynamic stiffness changes during the cardiac cycle(15). Overall,
ultrasonic reflection techniques have not been widely used in clinical practice for
quantification of fibrosis, as they lack sensitivity and, therefore, have been surpassed by
novel cardiovascular magnetic resonance (CMR) techniques.

Tissue Doppler imaging and speckle tracking echocardiography can measure
myocardial strain. Regional strain is a dimensionless measurement of myocardial
deformation, expressed as a fractional or percentage change from an object's original

dimension. Strain rate refers to the speed at which myocardial deformation (ie, strain)



occurs. These parameters correlate inversely with systolic and diastolic dysfunction, and
may reveal functional abnormalities in fibrotic processes earlier than conventional
echocardiographic techniques(17)19)20). Overall, compared to late gadolinium
enhancement (LGE) CMR, strain imaging using echo has moderate diagnostic capacity to
detect fibrosis, because it focuses on functional measures, rather than tissue
characteristics, as a surrogate marker of fibrosis.

Non-specific surrogate echocardiographic markers, such as regional increase in
LV thickness and mass, have been used to suggest the presence of myocardial edema.
High-frequency ultrasound techniques have been reported to indirectly characterize
myocardial water content by quantification of alterations in mechanical properties of
tissue(18).

Echocardiographic characteristics such as ‘sparkling’ myocardial texture,
hypertrophy of the ventricles, thickening of heart valves, and restrictive LV filling pattern
suggest the diagnosis of cardiac amyloidosis. In this condition, LV global longitudinal
strain is significantly reduced at the basal and mid segments of the left ventricle (Figure
2), while the deformation of the apical segments may be preserved (apical sparring). In
Anderson-Fabry disease, patients with myocardial fibrosis of the basal posterolateral LV
wall on CMR, show more impaired LV global longitudinal strain as compared with
patients without, despite having preserved LV ejection fraction. Furthermore, patients
with proven cardiac sarcoidosis on CMR, have significantly more impaired global

longitudinal strain as compared with controls.

Nuclear Imaging



Single Photon Emission Computed Tomography (SPECT)

SPECT myocardial perfusion imaging is well-established for the evaluation of
patients with known or suspected coronary artery disease. Irreversible perfusion defects
are indirect markers of fibrosis(19) whereas molecular imaging is more specific for
collagen formation. AvB3 integrin is expressed by activated cardiac myofibroblasts and
endothelial cells, and represents a target for angiogenesis and scar formation post
myocardial infarction. Cy5.5-RGD imaging peptide labeled with technetium-99m binds
to such targets to evaluate myocardial remodeling (20). Increased uptake of radiolabeled
angiotensin Il receptor blocker (technetium-99m losartan) demonstrated histologically
proven proliferative activity of myofibroblasts 12 weeks post myocardial infarction(21).

Bone scintigraphy (Figure 2) wusing 99mTc-labeled 3,3-diphosphono-1,2-
propanodicarboxylic acid (DPD), 99mTc-labeled pyrophosphate (PYP), and 99mTc-
labeled hydroxymethylene diphosphonate (HMDP) is highly sensitive for imaging
cardiac transthyretin (ATTR) amyloidosis(22). When scintigraphy is combined with
biochemical testing for a monoclonal protein in serum and urine, cardiac ATTR

amyloidosis can be diagnosed in the absence of histology with >98% certainty.

Positron Emission Tomography (PET)
Perfusable tissue index has been used as an indirect marker of myocardial
fibrosis. A reduction of this index has been shown to correlate with the extent of fibrosis

estimated with CMR in ischemic heart disease(23). Furthermore, the index was shown to



be reduced in patients with advanced dilated cardiomyopathy indicating possible
interstitial fibrosis (24).

Markedly reduced or absent 18-Fluorodeoxyglucose (18F-FDG) uptake indicates
fibrosis(25), and FDG-PET is mainly used to assess myocardial viability. Molecular PET
may assess mechanisms underlying fibrosis formation, but current techniques remain at
an experimental stage and need to be validated in clinical studies.

Cardiac PET may be useful to detect cardiac sarcoidosis and monitor response to
therapy(26). Cardiac 18F-FDG PET studies for sarcoidosis should combine both
perfusion imaging and 18F-FDG imaging (Figure 3) to differentiate the patterns of
disease(27). A high-fat, low-carbohydrate diet followed by prolonged fasting is needed to

suppress physiologic myocardial glucose uptake.

Multidetector Computed Tomography (MDCT)

Myocardial infarction is depicted as a low density, unenhanced area in arterial-
phase MDCT, and as a hyperenhanced area in late-phase MDCT. Fibrosis identification
with MDCT has shown satisfactory agreement with LGE CMR, particularly in ischemic
heart disease (28). A key feature of acute infarction is myocardial edema, presenting with
CT values near zero, due to increased water content. Evidence from experimental models
of acute infarction showed substantial correlation between unenhanced dual source CT
and T2-weighted CMR to detect myocardial edema (29). The area presenting with edema
in unenhanced CT, but without delayed enhancement in late-phase, is likely to

correspond to the salvageable area-at-risk.
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The use of MDCT to detect diffuse abnormalities of myocardial tissue is
significantly more challenging than the evaluation of regional scar, due to the low
contrast resolution. A small study in patients with heart failure and healthy individuals
found a good correlation (r = 0.82, P < 0.001) between CMR and MDCT-derived
ECV(30), but only the anterior and anterolateral myocardial segments could be reliably
analyzed. Another small study in patients with aortic stenosis demonstrated that ECV,
measured using an equilibrium CT technique, correlated well with histologic
quantification of myocardial fibrosis and ECV measured using equilibrium CMR(31).
MDCT has also been used to detect intramyocardial fibrosis in patients with hypertrophic

cardiomyopathy(32), and myocardial iron overload(33).

Cardiac magnetic resonance (CMR)

CMR is not only accurate in the assessment of cardiac anatomy and function, but
is also superior in non-invasive myocardial tissue characterization, outweighing other
imaging modalities in its multiparametric capabilities for a comprehensive cardiac
examination. T1- and T2-weighted sequences are a basic way to perform tissue
characterization. T1 relaxation time is shortened by gadolinium-based contrast agents
(GBCA) and late gadolinium enhancement (LGE) images may be used to highlight areas
of focal fibrosis compared to normal myocardium. Myocardial fibrosis causes significant
expansion of the extracellular space, leading to a higher regional concentration of GBCA
and an area of relative hyperenhanced signal(34). Mapping techniques allow direct, pixel-
by-pixel quantitative myocardial tissue characterization without the need for presumed-

normal reference regions of interest to highlight areas of disease. The principles of



11

mapping techniques are reviewed elsewhere(35). Briefly, native (pre-contrast) T1-
mapping reflects a composite signal from both the intracellular (mainly myocytes) and
extracellular myocardial compartments. Each tissue type exhibits a characteristic range of
normal T1 relaxation times at a particular field strength, deviation from which may be
indicative of disease or a change in physiology. T1 relaxation times are prolonged by
increased free water content in tissues, and generally shortened by iron, fat and GBCAs.
Areas of fibrosis and extracellular volume expansion are characterized by the
accumulation of water, which typically prolongs native T1 time. The myocardial
extracellular volume (ECV) can be quantified using pre- and post-contrast myocardial
and blood T1 values, adjusting for the blood hematocrit. Pixel-wise ECV maps can also
be created. Myocardial ECV may act as a surrogate marker of fibrosis when other
pathologies that increase the extracellular space, such as myocardial
edema/inflammation, infiltration (2) and ischemia(44), have been excluded. T2-mapping
quantifies T2 myocardial relaxation times and is mainly used to detect edematous

myocardium.

Acute myocardial infarction: Acute ischemic injury leads to downstream myocardial

edema and eventual infarction, sometimes with complications such as microvascular
obstruction and intramyocardial hemorrhage — all which can be visualized using CMR.
Infarct size can be assessed on LGE imaging, although this may be over-estimated in the
acute setting due to expansion of the extracellular space by edema. Conventionally, the
area-at-risk is delineated using T2-weighted edema imaging. Newer mapping techniques,

such as T1- and T2-mapping, correlate well with the area-at-risk measured by
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microspheres in animal studies(36), and may be more sensitive for directly quantifying
the area-at-risk (35). Microvascular obstruction may be seen on resting first-pass
perfusion, early-gadolinium enhancement or LGE images, with good correlation to
histopathology, and confers a poor prognosis(37). Intramyocardial hemorrhage associated
with reperfusion injury is seen as signal voids on T2-weighted images, or shortened T2,
T2* or T1 relaxation times on mapping techniques(38), caused by the breakdown
products of hemoglobin and oxidized iron, which are paramagnetic (Figure 4). Mapping
techniques have shown their utility in characterizing acute myocardial infarction,
demonstrating increased T1, T2 and ECV in the area-at-risk, infarct zone, and even
remote myocardium, offering additional insights into acutely infarcted myocardium(35).
CMR imaging markers not only offer validated surrogates of pathophysiology in the
assessment of acute myocardial infarction, but also confer prognosis that may be useful

for risk-stratification of the individual patient(39).

Acute myocardial inflammation and edema: Inflammation results in edema and is a

common feature of both acute ischemic and non-ischemic myocardial injury. The
pathophysiologic changes in acute myocarditis, including edema, hyperemia/capillary
leak, and myocyte necrosis, may be visualized on T2-weighted, early gadolinium
enhancement and LGE imaging, respectively. The newer mapping techniques, including
T1-mapping, T2-mapping and ECV, circumvent many of the known technical limitations
of conventional CMR techniques in the detection of myocarditis, with promising initial
results that point to their likely superiority (Figure 5) (40-47). A recent meta-analysis in

patients with acute myocarditis has shown that native T1 mapping has superior diagnostic
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accuracy across all CMR tissue characterization methods (52). In contrast, as T1-
mapping and ECV may detect both acute and chronic changes, some reports suggest that

T2-mapping may be more specific to acute myocardial edema and inflammation(48,49).

Myocardial fibrosis detection using LGE: LGE is still considered the clinical gold-

standard for identifying areas of myocardial infarction with high spatial resolution,
including small subendocardial scars which may be missed by SPECT(50). Multiple
studies have demonstrated excellent spatial correlation between areas of myocardial
scarring identified on LGE imaging and histopathology, both in the acute and chronic
phases of infarction(51). Importantly, the transmural extent of infarction on LGE
inversely predicts the likelihood of regional contractile recovery after
revascularization(52) and is the current CMR standard for myocardial viability
assessment.

LGE in a predominantly non-ischemic (non-subendocardial) pattern is also
present in a significant proportion of patients with non-ischemic myocardial injury and
cardiomyopathies(10). Its presence is strongly associated with poor prognosis, including
increased risk of all-cause mortality, heart failure hospitalization and sudden cardiac
death(53). Depending on the LGE pattern and distribution, CMR may, together with
functional and morphological imaging, be used to diagnose specific cardiomyopathies
[detailed review elsewhere (10)]. Areas with LGE in non-ischemic cardiomyopathies
often correlate to (although are not specific for) areas of focal fibrosis on histopathology.
For instance, the areas of midwall and subepicardial LGE typically seen in myocarditis

(Figure 5) correlate to areas of inflammation, myocyte necrosis and fibrosis (54). In
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dilated cardiomyopathy, mid-wall enhancement often seen in the interventricular septum
(and sometimes in the inferolateral walls) corresponds to areas of macroscopic fibrosis
and microscopic collagen deposition admixed with myocytes on histopathology(55). In
hypertrophic cardiomyopathy, the histologic basis of LGE is complex and non-specific,
which includes different types of fibrosis, such as replacement fibrosis, plexiform fibrosis
associated with myofibril disarray (e.g. at the RV-LV insertion points), perivascular
fibrosis and microscopic replacement scars, as well as different extent of interstitial
expansion(56). Dilated lymphatic channels may also appear as areas of LGE in
hypertrophic cardiomyopathy(57). The presence and extent of LGE in hypertrophic
cardiomyopathy appears to be a powerful risk marker for sudden cardiac death(58). In
arrhythmogenic cardiomyopathy, areas of mid-wall or subepicardial LGE may be seen in
the LV, and transmural LGE in the RV. LGE in arrhythmogenic cardiomyopathy is
associated with a greater risk for ventricular arrhythmias, and correlates well with the
detection of fibrofatty replacement on endomyocardial biopsy (59). In aortic stenosis,
fibrosis on LGE imaging is a useful biomarker of LV remodeling, and its presence is

associated with worse long-term outcome after aortic valve intervention(60).

Limitations of LGE in detecting diffuse fibrosis: LGE imaging, whilst powerful in

detecting areas of focal fibrosis, has limitations in detecting diffuse myocardial fibrosis. It
requires regions of presumed normal myocardium, to provide the necessary contrast
between affected and unaffected tissue, which may not be available in diffuse pathology.
The development of T1-mapping enabled the identification and quantification of not only

focal, but also diffuse myocardial fibrosis(61).
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T1-mapping and ECV quantification in focal fibrosis: In general, focal replacement

fibrosis in chronic myocardial infarction, as identified by LGE, exhibit high native T1
and ECV values(62-64). Native T1-mapping may provide a contrast-free method for
myocardial infarction detection, especially in patients with severely impaired renal
function in whom GBCAs are contraindicated(65). However, lipomatous metaplasia may
occur in some chronic myocardial scars leading to lowered, pseudo-normalized or even
paradoxically elevated T1 values due to fat bias(35). Furthermore, apparently-unaffected
remote myocardium on LGE imaging in acute and chronic myocardial infarction exhibit
abnormal T1 and ECV values(63,66), and may identify myocardium prone to adverse
cardiac remodeling, worsening of contractile function and poorer prognosis(66). In non-
ischemic heart disease, such as myocarditis, sarcoidosis, dilated cardiomyopathy, and
hypertrophic cardiomyopathy, areas of focal fibrosis seen on LGE generally demonstrate

high T1 and ECV values(2).

T1-mapping and ECV quantification in diffuse myocardial fibrosis: The measurement of

T1 and ECV has known dependencies on age and sex(67). As discussed earlier, elevated
T1 or ECV values may not necessarily reflect the development of diffuse myocardial
fibrosis, must be interpreted within the clinical context after exclusion of confounders,
and typically including the use of age- and sex-matched controls. Native T1 and ECV
quantification generally show good correlation to collagen volume fraction and diffuse

myocardial fibrosis on histopathology in animal models of hypertension(68) and clinical
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cohorts of heart failure, valvular heart disease, and heart transplant patients with ischemic
and non-ischemic cardiomyopathies(69-72).

In dilated and hypertrophic cardiomyopathy, both T1 and ECV can detect
abnormalities in apparently normal myocardium on LGE-CMR. Studies have shown that,
in patients with dilated or hypertrophic cardiomyopathy, even segments with normal wall
thickness and no LGE show increased T1 values(73), potentially due to the presence of
diffuse myocardial fibrosis and/or other causes of increased free water content not readily
detected by LGE. Hypertrophic cardiomyopathy patients, including asymptomatic
relatives with are genotype-positive but without LV hypertrophy, also demonstrate
elevated ECV(74). In dilated cardiomyopathy patients, elevated T1 values predict a
higher risk for cardiovascular events and heart failure, and there is a strong correlation
between elevated ECV and collagen volume fraction within the spectrum of dilated
cardiomyopathy patients(75). Patients with heart failure with preserved ejection fraction
were shown to have elevated ECV compared to normal controls(76). Both T1 and ECV
appear to have added value in detecting abnormalities and predicting prognosis in
patients with heart failure and cardiomyopathies(77-80). The ability to detect diffuse
myocardial fibrosis early may identify novel therapeutic targets and opportunities for

early intervention before irreversible myocardial pathology and dysfunction develops.

Aortic stenosis is a condition characterized by a number of pathophysiologic changes in
the heart as the disease progresses, including LV hypertrophy, resting coronary
vasodilatation and the development of diffuse and focal fibrosis. T1 and ECV have

generally been observed to be elevated in moderate-severe aortic stenosis, and correlate
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to histological interstitial fibrosis and collagen volume fraction(81). It is important to
keep in mind that expansion of the intravascular compartment, such as that seen in
coronary vasodilatation, also contributes to elevation of T1 and thus ECV. In fact, the
stress/rest T1 response has been shown to normalize after aortic valve replacement in
some aortic stenosis patients(81). Thus, elevation of T1 and ECV in aortic stenosis is
multifactorial. Myocardial ECV has been shown to be a stronger predictor of adverse
cardiovascular outcomes than the extent of LV hypertrophy in aortic stenosis,
demonstrating prognostic value(35). In the future, T1 and ECV may even play a role in
the optimal timing of valve replacement in AS. Systemic arterial hypertension is another
condition that subjects the LV to an increased afterload, potentially leading to
hypertrophy, diastolic and systolic dysfunction. Native T1 and ECV are mildly elevated
in patients with hypertension and LV hypertrophy compared to those without, which may
reflect diffuse myocardial fibrosis(82). The degree of T1 or ECV elevation may help
differentiate hypertensive heart disease from other LV hypertrophy phenotypes, such as

hypertrophic cardiomyopathy, cardiac amyloidosis or athlete’s heart.

T1/ECV in Athlete’s Heart: Recent studies using CMR showing normal or decreased

ECV in athlete’s hearts support the notion that the physiological LV hypertrophy is due
to myocyte enlargement rather than increased extracellular matrix(83). These were in
contrast to findings of hypertrophic cardiomyopathy, in which the pathological LV
hypertrophy has been shown to correlate directly with ECV, suggesting that a significant
proportion of the LV mass is due to an increase in extracellular matrix and that mapping

may potentially be useful in differentiating athlete’s hearts from other forms of
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cardiomyopathy(83). Focal areas of fibrosis have been demonstrated in up to 13% of elite
and veteran athletes, both in histopathology and on CMR LGE, with an apparent dose-
response of focal fibrosis to exercise(84). It is less clear whether high-intensity exercise
first induces diffuse myocardial fibrosis which then progress to focal fibrosis, or whether
there is a dose-response threshold of developing either focal or diffuse fibrosis in
response to exercise in this setting(85). Longitudinal characterization of the cardiac

phenotype in athletes would provide further insights.

CMR _for myocardial infiltration: CMR has a major role in the diagnosis and
prognostication of infiltrative myocardial pathology. Amyloid light-chain (AL) and
cardiac transthyretin amyloidosis can be detected by a circumferential pattern of LGE in
combination with a dark blood pool, initially affecting the subendocardium but expanding
transmurally as disease progresses (Figure 2)(86). T1-mapping techniques have high
diagnostic accuracy for detecting cardiac amyloidosis (Figure 6) and probably greater
sensitivity for detecting early disease compared to LGE-CMR (86,87). The degree of
ECV expansion in established cardiac amyloidosis is beyond that of any other myocardial
disease, making it almost pathognomonic, especially when combined with structural,
functional and clinical features. Myocardial native T1-mapping and ECV predict

mortality in patients with systemic amyloidosis(80).

Myocardial fat can be easily detected with T1-or T2-weighted CMR as areas of bright

signal. Native T1-mapping is also a good way to identify fat, with low T1 values in
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general, with the caveat of paradoxically high T1 values in voxels partially occupied by

fat (88).

Anderson-Fabry disease, characterized by accumulation of intramyocardial sphingolipids,
has a characteristic CMR phenotype, with LV hypertrophy accompanied by small areas
of diffuse LGE pattern (corresponding to areas with abnormal lipid accumulation), with a
broad band of midwall enhancement localized to the basal inferolateral wall
(corresponding to regions of dense collagen on histopathology)(87) (Figure 7). Native
T1-mapping can distinguish these two populations of abnormal myocardial pixels,
offering incremental value to LGE(89,90) and may also detect RV involvement(91). T1-
mapping may identify the Anderson-Fabry phenotype early as LV hypertrophy with low

T1 values, differentiating from other diseases with hypertrophy(89).

Myocardial iron overload has been shown to shorten T1, T2, and T2* values. The
standard CMR technique for the detection of cardiac iron accumulation is T2* mapping,
validated in animal and human studies(92), while T1 and T2 mapping show excellent

guantitative agreement, with both showing good correlation to T2*(35,93)

Conclusions

Often, cardiac diseases result in common pathophysiologic processes, including
myocardial edema, and the development of diffuse and focal fibrosis which portend a
poor prognosis. In this regard, non-invasive imaging modalities provide important

information on cardiac structure, function and tissue changes to varying degrees. With the
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advancement of quantative, pixel-wise CMR mapping technology, it is now feasible to
detect changes in acute myocardial injury, as well as focal and diffuse myocardial
fibrosis, with high spatial resolution. The effective use of these sophisticated imaging
biomarkers for medical decision-making, prognostication and development of therapeutic
targets will maximize clinical utility. Advanced cardiac imaging is expected to become
an integral part in risk-stratification and personalized medicine for the greatest clinical

impact.



21

Reference List

Bello D, Shah DJ, Farah GM et al. Gadolinium cardiovascular magnetic
resonance predicts reversible myocardial dysfunction and remodeling in
patients with heart failure undergoing beta-blocker therapy. Circulation
2003;108:1945-53.

Ferreira VM, Piechnik SK, Robson MD, Neubauer S, Karamitsos TD.
Myocardial tissue characterization by magnetic resonance imaging: novel
applications of T1 and T2 mapping. Journal of thoracic imaging 2014;29:147-
54.

Mewton N, Liu CY, Croisille P, Bluemke D, Lima JA. Assessment of
myocardial fibrosis with cardiovascular magnetic resonance. Journal of the
American College of Cardiology 2011;57:891-903.

Garcia-Dorado D, Andres-Villarreal M, Ruiz-Meana M, Inserte J, Barba I.
Myocardial edema: a translational view. Journal of molecular and cellular
cardiology 2012;52:931-9.

Dongaonkar RM, Stewart RH, Geissler HJ, Laine GA. Myocardial
microvascular permeability, interstitial oedema, and compromised cardiac
function. Cardiovascular research 2010;87:331-9.

Weber KT, Brilla CG. Pathological hypertrophy and cardiac interstitium.
Fibrosis and renin-angiotensin-aldosterone system. Circulation 1991;83:1849-
65.

Ambale-Venkatesh B, Lima JA. Cardiac MRI: a central prognostic tool in

myocardial fibrosis. Nature reviews Cardiology 2015;12:18-29.



10.

11.

12.

13.

14.

15.

16.

22

Lopez B, Querejeta R, Gonzalez A, Sanchez E, Larman M, Diez J. Effects of
loop diuretics on myocardial fibrosis and collagen type I turnover in chronic
heart failure. Journal of the American College of Cardiology 2004;43:2028-
35.

Sutton MG, Sharpe N. Left ventricular remodeling after myocardial infarction:
pathophysiology and therapy. Circulation 2000;101:2981-8.

Karamitsos TD, Francis JM, Myerson S, Selvanayagam JB, Neubauer S. The
role of cardiovascular magnetic resonance imaging in heart failure. Journal of
the American College of Cardiology 2009;54:1407-24.

Arnold JR, Karamitsos TD, Pegg TJ, Francis JM, Neubauer S. Left ventricular
lipomatous metaplasia following myocardial infarction. Int J Cardiol
2009;137:e11-2.

Kremastinos DT, Farmakis D. Iron overload cardiomyopathy in clinical
practice. Circulation 2011;124:2253-63.

Rambaran RN, Serpell LC. Amyloid fibrils: abnormal protein assembly. Prion
2008;2:112-7.

Picano E, Pelosi G, Marzilli M et al. In vivo quantitative ultrasonic evaluation
of myocardial fibrosis in humans. Circulation 1990;81:58-64.
Vejdani-Jahromi M, Freedman J, Kim YJ, Trahey GE, Wolf PD. Assessment
of Diastolic Function Using Ultrasound Elastography. Ultrasound Med Biol
2018;44:551-561.

Prior DL, Somaratne JB, Jenkins AJ et al. Calibrated integrated backscatter
and myocardial fibrosis in patients undergoing cardiac surgery. Open heart

2015:2:e000278.



17.

18.

19.

20.

21.

22,

23.

24,

23

Paterson I, Mielniczuk LM, O'Meara E, So A, White JA. Imaging heart
failure: current and future applications. The Canadian journal of cardiology
2013;29:317-28.

Dent CL, Scott MJ, Wickline SA, Hall CS. High-frequency ultrasound for
quantitative characterization of myocardial edema. Ultrasound Med Biol
2000;26:375-84.

Beller GA, Heede RC. SPECT imaging for detecting coronary artery disease
and determining prognosis by noninvasive assessment of myocardial perfusion
and myocardial viability. Journal of cardiovascular translational research
2011;4:416-24.

Verjans JW, Lovhaug D, Narula N et al. Noninvasive imaging of angiotensin
receptors after myocardial infarction. JACC Cardiovascular imaging
2008;1:354-62.

van den Borne SW, Isobe S, Verjans JW et al. Molecular imaging of
interstitial alterations in remodeling myocardium after myocardial infarction.
Journal of the American College of Cardiology 2008;52:2017-28.

Gillmore JD, Maurer MS, Falk RH et al. Nonbiopsy Diagnosis of Cardiac
Transthyretin Amyloidosis. Circulation 2016;133:2404-12.

Knaapen P, Bondarenko O, Beek AM et al. Impact of scar on water-perfusable
tissue index in chronic ischemic heart disease: Evaluation with PET and
contrast-enhanced MRI. Molecular imaging and biology : MIB : the official
publication of the Academy of Molecular Imaging 2006;8:245-51.

Knaapen P, Gotte MJ, Paulus WJ et al. Does myocardial fibrosis hinder
contractile function and perfusion in idiopathic dilated cardiomyopathy? PET

and MR imaging study. Radiology 2006;240:380-8.



25.

26.

27.

28.

29.

30.

31.

32.

33.

24

Saraste A, Knuuti J. PET imaging in heart failure: the role of new tracers.
Heart failure reviews 2017;22:501-511.

Chareonthaitawee P, Beanlands RS, Chen W et al. Joint SNMMI-ASNC
expert consensus document on the role of (18)F-FDG PET/CT in cardiac
sarcoid detection and therapy monitoring. J Nucl Cardiol 2017;24:1741-1758.
Aggarwal NR, Snipelisky D, Young PM, Gersh BJ, Cooper LT,
Chareonthaitawee P. Advances in imaging for diagnosis and management of
cardiac sarcoidosis. Eur Heart J Cardiovasc Imaging 2015;16:949-58.
Takaoka H, Funabashi N, Uehara M, lida Y, Kobayashi Y. Diagnostic
accuracy of CT for the detection of left ventricular myocardial fibrosis in
various myocardial diseases. Int J Cardiol 2017;228:375-379.

Mahnken AH, Bruners P, Bornikoel CM, Kramer N, Guenther RW.
Assessment of myocardial edema by computed tomography in myocardial
infarction. JACC Cardiovascular imaging 2009;2:1167-74.

Nacif MS, Kawel N, Lee JJ et al. Interstitial myocardial fibrosis assessed as
extracellular volume fraction with low-radiation-dose cardiac CT. Radiology
2012;264:876-83.

Bandula S, White SK, Flett AS et al. Measurement of myocardial extracellular
volume fraction by using equilibrium contrast-enhanced CT: validation against
histologic findings. Radiology 2013;269:396-403.

Langer C, Lutz M, Eden M et al. Hypertrophic cardiomyopathy in cardiac CT:
a validation study on the detection of intramyocardial fibrosis in consecutive
patients. The international journal of cardiovascular imaging 2014;30:659-67.
Ibrahim el SH, Bowman AW. Characterization of myocardial iron overload by

dual-energy computed tomography compared to T2 * MRI. A phantom study.



34.

35.

36.

37.

38.

39.

25

Conference proceedings : Annual International Conference of the IEEE
Engineering in Medicine and Biology Society IEEE Engineering in Medicine
and Biology Society Annual Conference 2014;2014:5133-6.

Karamitsos TD, Dall’Armellina E, Choudhury RP, Neubauer S. Ischemic heart
disease: comprehensive evaluation by cardiovascular magnetic resonance.
American heart journal 2011;162:16-30.

Messroghli DR, Moon JC, Ferreira VM et al. Clinical recommendations for
cardiovascular magnetic resonance mapping of T1, T2, T2* and extracellular
volume: A consensus statement by the Society for Cardiovascular Magnetic
Resonance (SCMR) endorsed by the European Association for Cardiovascular
Imaging (EACVI). J Cardiovasc Magn Reson 2017;19:75.

Ugander M, Bagi PS, Oki AJ et al. Myocardial edema as detected by pre-
contrast T1 and T2 CMR delineates area at risk associated with acute
myocardial infarction. JACC Cardiovascular imaging 2012;5:596-603.
Hamirani YS, Wong A, Kramer CM, Salerno M. Effect of microvascular
obstruction and intramyocardial hemorrhage by CMR on LV remodeling and
outcomes after myocardial infarction: a systematic review and meta-analysis.
JACC Cardiovascular imaging 2014;7:940-52.

Zia M1, Ghugre NR, Connelly KA et al. Characterizing myocardial edema and
hemorrhage using quantitative T2 and T2* mapping at multiple time intervals
post ST-segment elevation myocardial infarction. Circ Cardiovasc Imaging
2012;5:566-72.

Khan JN, McCann GP. Cardiovascular magnetic resonance imaging
assessment of outcomes in acute myocardial infarction. World J Cardiol

2017:9:109-133.



40.

41.

42.

43.

44,

45.

26

Ferreira VM, Piechnik SK, Dall'Armellina E et al. Non-contrast T1-mapping
detects acute myocardial edema with high diagnostic accuracy: a comparison
to T2-weighted cardiovascular magnetic resonance. J Cardiovasc Magn Reson
2012;14:42.

Bohnen S, Radunski UK, Lund GK et al. Performance of t1 and t2 mapping
cardiovascular magnetic resonance to detect active myocarditis in patients
with recent-onset heart failure. Circ Cardiovasc Imaging 2015;8.

Ferreira VM, Piechnik SK, Dall’Armellina E et al. Native T1-mapping detects
the location, extent and patterns of acute myocarditis without the need for
gadolinium contrast agents. J Cardiovasc Magn Reson 2014;16:36.

Kotanidis CP, Bazmpani MA, Haidich AB, Karvounis C, Antoniades C,
Karamitsos TD. Diagnostic Accuracy of Cardiovascular Magnetic Resonance
in Acute Myocarditis: A Systematic Review and Meta-Analysis. JACC
Cardiovascular imaging 2018.

Ntusi NBA, Francis JM, Matthews PM, Wordsworth PB, Neubauer S,
Karamitsos TD. Myocardial and Vascular Dysfunction in Patients with
Rheumatoid Arthritis Assessed with Cardiovascular Magnetic Resonance:
Evidence of Increased Vascular Risk. Heart 2013;99:A61-U238.

Ntusi NBA, Francis JM, Matthews PM, Wordsworth PB, Neubauer S,
Karamitsos TD. Systemic Lupus Erythematosus Is Associated with Impaired
Myocardial Strain and Vascular Function, Incremental to That Caused by
Traditional Risk Factors: A Cardiovascular Magnetic Resonance Study. Heart

2013;99.



46.

47.

48.

49.

50.

51,

52.

27

Ntusi N, O'Dwyer E, Dorrell L et al. HIV-1-Related Cardiovascular Disease Is
Associated With Chronic Inflammation, Frequent Pericardial Effusions, and
Probable Myocardial Edema. Circ Cardiovasc Imaging 2016;9:e004430.
Ferreira VM, Marcelino M, Piechnik SK et al. Pheochromocytoma Is
Characterized by Catecholamine-Mediated Myocarditis, Focal and Diffuse
Myocardial Fibrosis, and Myocardial Dysfunction. Journal of the American
College of Cardiology 2016;67:2364-2374.

Tahir E, Sinn M, Bohnen S et al. Acute versus Chronic Myocardial Infarction:
Diagnostic Accuracy of Quantitative Native T1 and T2 Mapping versus
Assessment of Edema on Standard T2-weighted Cardiovascular MR Images
for Differentiation. Radiology 2017;285:83-91.

von Knobelsdorff-Brenkenhoff F, Schuler J, Doganguzel S et al. Detection
and Monitoring of Acute Myocarditis Applying Quantitative Cardiovascular
Magnetic Resonance. Circ Cardiovasc Imaging 2017;10.

Wagner A, Mahrholdt H, Holly TA et al. Contrast-enhanced MRI and routine
single photon emission computed tomography (SPECT) perfusion imaging for
detection of subendocardial myocardial infarcts: an imaging study. Lancet
2003;361:374-9.

Lima JA, Judd RM, Bazille A, Schulman SP, Atalar E, Zerhouni EA. Regional
heterogeneity of human myocardial infarcts demonstrated by contrast-
enhanced MRI. Potential mechanisms. Circulation 1995;92:1117-25.

Kim RJ, Wu E, Rafael A et al. The use of contrast-enhanced magnetic
resonance imaging to identify reversible myocardial dysfunction. The New

England journal of medicine 2000;343:1445-53.



53.

54.

55.

56.

57,

58.

59.

60.

28

Kuruvilla S, Adenaw N, Katwal AB, Lipinski MJ, Kramer CM, Salerno M.
Late gadolinium enhancement on cardiac magnetic resonance predicts adverse
cardiovascular outcomes in nonischemic cardiomyopathy: a systematic review
and meta-analysis. Circ Cardiovasc Imaging 2014;7:250-258.

Mahrholdt H, Goedecke C, Wagner A et al. Cardiovascular magnetic
resonance assessment of human myocarditis: a comparison to histology and
molecular pathology. Circulation 2004;109:1250-8.

Assomull RG, Prasad SK, Lyne J et al. Cardiovascular magnetic resonance,
fibrosis, and prognosis in dilated cardiomyopathy. Journal of the American
College of Cardiology 2006;48:1977-85.

Moon JC, Reed E, Sheppard MN et al. The histologic basis of late gadolinium
enhancement cardiovascular magnetic resonance in hypertrophic
cardiomyopathy. Journal of the American College of Cardiology
2004,43:2260-4.

Kolman L, Welsh DG, Vigmond E et al. Abnormal Lymphatic Channels
Detected by T2-Weighted MR Imaging as a Substrate for Ventricular
Arrhythmia in HCM. JACC Cardiovascular imaging 2016;9:1354-1356.
Weng Z, Yao J, Chan RH et al. Prognostic Value of LGE-CMR in HCM: A
Meta-Analysis. JACC Cardiovasc Imaging 2016;9:1392-1402.

Tandri H, Saranathan M, Rodriguez ER et al. Noninvasive detection of
myocardial fibrosis in arrhythmogenic right ventricular cardiomyopathy using
delayed-enhancement magnetic resonance imaging. Journal of the American
College of Cardiology 2005;45:98-103.

Musa TA, Treibel TA, Vassiliou VS et al. Myocardial Scar and Mortality in

Severe Aortic Stenosis. Circulation 2018;138:1935-1947.



61.

62.

63.

64.

65.

66.

67.

29

Everett RJ, Stirrat CG, Semple SI, Newby DE, Dweck MR, Mirsadraee S.
Assessment of myocardial fibrosis with T1 mapping MRI. Clinical radiology
2016;71:768-78.

Messroghli DR, Walters K, Plein S et al. Myocardial T1 mapping: application
to patients with acute and chronic myocardial infarction. Magnetic resonance
in medicine 2007;58:34-40.

Liu A, Wijesurendra RS, Francis JM et al. Adenosine Stress and Rest T1
Mapping Can Differentiate Between Ischemic, Infarcted, Remote, and Normal
Myocardium Without the Need for Gadolinium Contrast Agents. JACC
Cardiovascular imaging 2016;9:27-36.

Dall’Armellina E, Ferreira VM, Kharbanda RK et al. Diagnostic value of pre-
contrast T1 mapping in acute and chronic myocardial infarction. JACC
Cardiovascular imaging 2013;6:739-42.

Kali A, Choi EY, Sharif B et al. Native T1 Mapping by 3-T CMR Imaging for
Characterization of Chronic Myocardial Infarctions. JACC Cardiovascular
imaging 2015;8:1019-30.

Garg P, Broadbent DA, Swoboda PP et al. Extra-cellular expansion in the
normal, non-infarcted myocardium is associated with worsening of regional
myocardial function after acute myocardial infarction. J Cardiovasc Magn
Reson 2017;19:73.

Liu CY, Liu YC, Wu C et al. Evaluation of age-related interstitial myocardial
fibrosis with cardiac magnetic resonance contrast-enhanced T1 mapping:
MESA (Multi-Ethnic Study of Atherosclerosis). Journal of the American

College of Cardiology 2013;62:1280-1287.



68.

69.

70.

71.

72,

73.

74.

75.

30

Coelho-Filho OR, Shah RV, Mitchell R et al. Quantification of cardiomyocyte
hypertrophy by cardiac magnetic resonance: implications for early cardiac
remodeling. Circulation 2013;128:1225-33.

Bull S, White SK, Piechnik SK et al. Human non-contrast T1 values and
correlation with histology in diffuse fibrosis. Heart 2013;99:932-937.

de Meester de Ravenstein C, Bouzin C, Lazam S et al. Histological Validation
of measurement of diffuse interstitial myocardial fibrosis by myocardial
extravascular volume fraction from Modified Look-Locker imaging (MOLLI)
T1 mapping at 3 T. J Cardiovasc Magn Reson 2015;17:48.

Kammerlander AA, Marzluf BA, Zotter-Tufaro C et al. T1 Mapping by CMR
Imaging: From Histological Validation to Clinical Implication. JACC
Cardiovascular imaging 2016;9:14-23.

Ide S, Riesenkampff E, Chiasson DA et al. Histological validation of
cardiovascular magnetic resonance T1 mapping markers of myocardial
fibrosis in paediatric heart transplant recipients. J Cardiovasc Magn Reson
2017;19:10.

Dass S, Suttie JJ, Piechnik SK et al. Myocardial tissue characterization using
magnetic resonance noncontrast t1 mapping in hypertrophic and dilated
cardiomyopathy. Circ Cardiovasc Imaging 2012;5:726-33.

Ho CY, Abbasi SA, Neilan TG et al. T1 measurements identify extracellular
volume expansion in hypertrophic cardiomyopathy sarcomere mutation
carriers with and without left ventricular hypertrophy. Circ Cardiovasc
Imaging 2013;6:415-22.

aus dem Siepen F, Buss SJ, Messroghli D et al. T1 mapping in dilated

cardiomyopathy with cardiac magnetic resonance: quantification of diffuse



76.

77.

78.

79.

80.

81.

82.

83.

31

myocardial fibrosis and comparison with endomyocardial biopsy. European
heart journal cardiovascular Imaging 2015;16:210-6.

Su MY, Lin LY, Tseng YH et al. CMR-verified diffuse myocardial fibrosis is
associated with diastolic dysfunction in HFpEF. JACC Cardiovascular
imaging 2014;7:991-7.

Schelbert EB, Piehler KM, Zareba KM et al. Myocardial Fibrosis Quantified
by Extracellular VVolume Is Associated With Subsequent Hospitalization for
Heart Failure, Death, or Both Across the Spectrum of Ejection Fraction and
Heart Failure Stage. Journal of the American Heart Association 2015;4.
Wong TC, Piehler K, Meier CG et al. Association between extracellular
matrix expansion quantified by cardiovascular magnetic resonance and short-
term mortality. Circulation 2012;126:1206-16.

Puntmann VO, Carr-White G, Jabbour A et al. T1-Mapping and Outcome in
Nonischemic Cardiomyopathy: All-Cause Mortality and Heart Failure. JACC
Cardiovascular imaging 2016;9:40-50.

Banypersad SM, Fontana M, Maestrini V et al. T1 mapping and survival in
systemic light-chain amyloidosis. European heart journal 2015;36:244-51.
Mahmod M, Piechnik SK, Levelt E et al. Adenosine stress native T1 mapping
in severe aortic stenosis: evidence for a role of the intravascular compartment
on myocardial T1 values. J Cardiovasc Magn Reson 2014;16:92.

Treibel TA, Zemrak F, Sado DM et al. Extracellular volume quantification in
isolated hypertension - changes at the detectable limits? J Cardiovasc Magn
Reson 2015;17:74.

Swoboda PP, McDiarmid AK, Erhayiem B et al. Assessing Myocardial

Extracellular Volume by T1 Mapping to Distinguish Hypertrophic



84.

85.

86.

87.

88.

89.

90.

91.

32

Cardiomyopathy From Athlete's Heart. Journal of the American College of
Cardiology 2016;67:2189-2190.

Gati S, Sharma S, Pennell D. The Role of Cardiovascular Magnetic Resonance
Imaging in the Assessment of Highly Trained Athletes. JACC Cardiovascular
imaging 2018;11:247-259.

Graham-Brown MP, McCann GP. T1 Mapping in Athletes: A Novel Tool to
Differentiate Physiological Adaptation From Pathology? Circ Cardiovasc
Imaging 2016;9:e004706.

Martinez-Naharro A, Treibel TA, Abdel-Gadir A et al. Magnetic Resonance in
Transthyretin Cardiac Amyloidosis. J Am Coll Cardiol 2017;70:466-477.
Karamitsos TD, Piechnik SK, Banypersad SM et al. Noncontrast T1 mapping
for the diagnosis of cardiac amyloidosis. JACC Cardiovascular imaging
2013;6:488-97.

Ferreira VM, Holloway CJ, Piechnik SK, Karamitsos TD, Neubauer S. Is it
really fat? Ask a T1-map. European heart journal cardiovascular Imaging
2013;14:1060.

Sado DM, White SK, Piechnik SK et al. Identification and assessment of
Anderson-Fabry disease by cardiovascular magnetic resonance noncontrast
myocardial T1 mapping. Circ Cardiovasc Imaging 2013;6:392-8.

Thompson RB, Chow K, Khan A et al. T(1) mapping with cardiovascular MRI
is highly sensitive for Fabry disease independent of hypertrophy and sex. Circ
Cardiovasc Imaging 2013;6:637-45.

Pagano JJ, Chow K, Khan A et al. Reduced Right Ventricular Native
Myocardial T1 in Anderson-Fabry Disease: Comparison to Pulmonary

Hypertension and Healthy Controls. PloS one 2016;11:e0157565.



92.

93.

94.

95.

33

Anderson LJ. Assessment of iron overload with T2* magnetic resonance
imaging. Progress in cardiovascular diseases 2011;54:287-94.
Krittayaphong R, Zhang S, Saiviroonporn P et al. Detection of cardiac iron
overload with native magnetic resonance T1 and T2 mapping in patients with
thalassemia. Int J Cardiol 2017;248:421-426.

Jellis C, Martin J, Narula J, Marwick TH. Assessment of nonischemic
myocardial fibrosis. Journal of the American College of Cardiology
2010;56:89-97.

Bulluck H, Rosmini S, Abdel-Gadir A et al. Residual Myocardial Iron
Following Intramyocardial Hemorrhage During the Convalescent Phase of
Reperfused ST-Segment-Elevation Myocardial Infarction and Adverse Left

Ventricular Remodeling. Circ Cardiovasc Imaging 2016;9.



34

FIGURE LEGENDS

Figure 1. Calculation of Calibrated Integrated Backscatter

Measurements of tissue intensity are obtained from sample volumes placed within the
pericardium (yellow), posterior wall (blue), and anteroseptum (green) in a parasternal
long-axis view. A resultant integrated backscatter curve is derived with standard
commercial software (Echopac, General Electric Medical Systems, Milwaukee,
Wisconsin) and enables calibrated integrated backscatter to be calculated by
subtracting mean pericardial integrated backscatter intensity from mean integrated
backscatter intensity of the posterior wall or anteroseptum at end diastole. (As
originally published in Jellis. et al. (94); reproduced with permission)

Figure 2. Multimodality workup of a patient with cardiac transthyretin
amyloidosis This multidisciplinary workup of a patient with cardiac transthyretin
amyloidosis with an Se77Tyr variant displayed (A) a strain pattern characteristic of an
infiltrative process; (B) a 4-chamber cine steady-state free precession image and
corresponding LGE image showing transmural LGE; and (C) whole-body anterior
99mTc-3,3-diphosphono-1,2-propanodicarboxylic acid scintigraphy and hybrid
single-photon emission computed tomography-computed tomography showing
Perugini grade 1 abnormal uptake. As published in Martinez-Naharro A et al(86),
reproduced with permission.

Figure 3. PET in cardiac sarcoidosis.

Cardiac PET short-axis views. (A) Severely decreased 13N-ammonia uptake in most
of the apex, mid left ventricle and basal inferolateral segment of the left ventricle.
There is corresponding 18F-FDG uptake in most of these regions consistent with
cardiac sarcoidosis with active inflammation. Scattered areas of scar in the mid left
ventricle are also present. (B) After treatment with immunosuppressive medications,
the patient improved clinically. There is severely decreased inferolateral 13N-
ammonia uptake, with no myocardial 18F-FDG uptake, consistent with advanced
cardiac sarcoidosis with scar but without active inflammation. As originally published
in by Aggarwal et al(27) reproduced with permission.

Figure 4. CMR tissue characterization of an inferior myocardial infarction

Basal left ventricular (LV) short axis of a patient with an acute inferior myocardial
infarction (MI) depicting microvascular obstruction (MVO) on late gadolinium
enhancement (LGE) scans with corresponding hypointense cores (red arrows) on the
basal LV short axis T1, T2, and T2* maps and the follow-up scan with corresponding
maps and areas of residual myocardial iron on the T2* map. (as originally published
by Wolters Kluwer Health, Inc. in Bulluck H. et al. (95) and shared under the
“Creative Commons Attribution Noncommercial License”

Figure 5. CMR images (1.5 Tesla) of a patient who presented with severe acute
viral myocarditis.

(A) Dark-blood T2-weighted imaging showed global and focal increased myocardial
T2 signal intensity, with a T2 Sl 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 + 7 ms, consistent with edema. (C) Late gadolinium
enhancement (LGE) imaging showed multiple areas of midwall, subepicardial and
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patchy enhancement in a non-coronary distribution. (D) Native T1-mapping using the
ShMOLLI method showed significantly increased global myocardial T1 values (1048
+ 79 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 (ECV) mapping showed significantly expanded ECV of 43%
(normal 27 £ 3 %). (Ferreira VM, J de Lara Fernandes, C Basso, Friedrich MG.
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; (in press); reproduced with permission).

Figure 6. CMR techniques for tissue characterization in cardiac amyloidosis
Images shown include 4-chamber cine, corresponding LGE image with phase-
sensitive reconstruction, native T1 maps, and extracellular volume (ECV) maps in 3
patients with cardiac transthyretin amyloidosis. The patient with no LGE has normal
native T1 and ECV maps; the patient with subendocardial LGE had borderline T1
values and high ECV values; and in the patient with transmural LGE, very high native
T1 values and very high ECV values were seen. (As originally published in Martinez-
Naharro A et al.(86) reproduced with permission

Figure 7. Native T1 mapping in Anderson-Fabry disease

Native T1-maps (basal short-axis) from a healthy volunteer (A) and a patient with
Anderson-Fabry disease (AFD; B). Blue areas (T; lowering) are seen diffusely in the
AFD left ventricular myocardium and red (T, increasing) in the inferolateral wall,
correlating with the area of late gadolinium enhancement in the same patient (C,
arrow). (As originally published in Sado D. et al.;(89) reproduced with permission).

Central Illustration: CMR techniques for myocardial tissue characterization
CMR allows comprehensive myocardial tissue characterization offering superior and
well-validated biomarkers of important pathophysiological processes encountered in
cardiac diseases, i.e. fibrosis, edema, iron or amyloid infiltration etc. ECV map image
originally published in Messroghli DR, et al (35) and shared under the “Creative
Commons Attribution Noncommercial License”.



