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INTRODUCTION

Left ventricular (LV) wall thickening or LV hypertrophy 
(LVH) is commonly observed in clinical practice [1]. 
Hypertrophic cardiomyopathy (HCM) is the most common 
genetic cardiomyopathy and is characterized by LVH 
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Left ventricular (LV) wall thickening, or LV hypertrophy (LVH), is common and occurs in diverse conditions including hypertrophic 
cardiomyopathy (HCM), hypertensive heart disease, aortic valve stenosis, lysosomal storage disorders, cardiac amyloidosis, 
mitochondrial cardiomyopathy, sarcoidosis and athlete’s heart. Cardiac magnetic resonance (CMR) imaging provides various 
tissue contrasts and characteristics that reflect histological changes in the myocardium, such as cellular hypertrophy, cardiomyocyte 
disarray, interstitial fibrosis, extracellular accumulation of insoluble proteins, intracellular accumulation of fat, and intracellular 
vacuolar changes. Therefore, CMR imaging may be beneficial in establishing a differential diagnosis of LVH. Although various 
diseases share LV wall thickening as a common feature, the histologic changes that underscore each disease are distinct. 
This review focuses on CMR multiparametric myocardial analysis, which may provide clues for the differentiation of thickened 
myocardium based on the histologic features of HCM and its phenocopies.
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without an obvious cause [2,3]. However, various 
conditions, including hypertensive heart disease (HHD), 
aortic valve stenosis (AS), lysosomal storage disorders, 
cardiac amyloidosis, mitochondrial cardiomyopathy, 
sarcoidosis, and athlete’s heart, should be considered as 
potential differential diagnoses [4,5]. The differential 
diagnosis of thickened myocardium can be challenging 
because these phenocopies share clinical features 
and morphological characteristics. Nevertheless, the 
pathophysiology and histological changes underlying these 
diseases are distinct [6-8].

Cardiac magnetic resonance (CMR) imaging may be a 
useful tool for establishing the differential diagnoses of 
various pathophysiologies based on histological changes in 
the myocardium. The heart is predominantly composed of 
cardiomyocytes, which are striated and have a well-ordered 
arrangement, and the extracellular interstitium, which 
comprises connective tissue that supports cardiomyocytes 
as a fibrous skeleton [9]. These ultrastructural features 

Korean J Radiol 2022;23(6):581-597

eISSN 2005-8330
https://doi.org/10.3348/kjr.2021.0815

Review Article | Cardiovascular Imaging

http://crossmark.crossref.org/dialog/?doi=10.3348/kjr.2021.0815&domain=pdf&date_stamp=2022-05-16


582

Cha et al.

https://doi.org/10.3348/kjr.2021.0815 kjronline.org

of the heart constitute CMR features, including LV wall 
thickness, native T1 values, T2 values, and extracellular 
volume (ECV) fractions (Fig. 1). Various diseases 
characterized by LVH exhibit distinct histological features, 
such as cellular hypertrophy, cardiomyocyte disarray, 
interstitial fibrosis, extracellular accumulation of insoluble 
proteins, intracellular accumulation of fat, and intracellular 
vacuolar changes. These characteristics result in differential 
features in CMR multiparametric myocardial analysis and 

characterization of myocardial tissue, which may facilitate 
differential diagnosis. The aim of this article was to discuss 
relevant CMR features for the differentiation of thickened 
myocardium, with an emphasis on the intrinsic histologic 
features of HCM and its phenocopies.

Hypertrophic Cardiomyopathy

HCM comprises a heterogeneous group of diseases 

Fig. 1. CMR findings of normal LV myocardium based on histologic features.
A. A schematic illustration of representative histological findings of a normal heart shows that cardiomyocytes striate in a well-ordered 
arrangement, and extracellular connective tissue supports cardiomyocytes as a fibrous skeleton. The nuclei are centrally located and oval or 
fusiform in shape. B. The thickness of the LV myocardium is normally between 6 and 11 mm on cine images of the end-diastolic phase. C. The LV 
myocardium is homogeneously nulled and reveals a dark signal intensity on the LGE image. D, E. On native T1 maps, the LV myocardium generally 
exhibits homogeneous T1 values between 1174 and 1228 ms on 3T MRI. F. After contrast media injection, the myocardium reveals homogenous 
post-T1 values that are greater than those in the LV cavity. G. On T2 maps, normal myocardium usually demonstrates T2 values between 35 and 
40 ms on 3T MRI. H, I. The ECV fraction of the LV is approximately 25%. CMR = cardiac magnetic resonance, ECV = extracellular volume, LGE = 
late gadolinium enhancement, LV = left ventricular
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associated with sarcomere gene mutations, which are 
typically transmitted in an autosomal dominant pattern 
[3]. The natural disease course is diverse, ranging from 
no symptoms in mutation carriers to dyspnea, chest pain, 
syncope, and sudden cardiac death (SCD) [10,11]. Indeed, 
HCM is the most common cause of SCD in young individuals 
and athletes [12]. Thus, the accurate diagnosis of HCM 
is clinically significant. The diagnosis of HCM is generally 
based on imaging features. The asymmetric septal type is 
the most common morphological type of HCM [13]. The 
widely accepted diagnostic criteria for this type of HCM are 
LV end-diastolic wall thickness (EDWT) ≥ 15 mm or septal-
to-lateral wall thickness ratio > 1.3 in the absence of LV 
chamber dilatation and other systemic diseases [14,15]. 
In apical HCM, myocardial thickening is confined to the 
LV apex and measures ≥ 15 mm, with an apical-to-basal 
LV wall thickness ratio of 1.3–1.5 [16,17]. Nevertheless, 
differentiation of HCM from its phenocopies based on 
myocardial thickness alone can be unreliable [18].

Histologically, the thickened myocardium in HCM exhibits 
structural abnormalities, including myofibrillary disarray, 
myocardial injury, replacement fibrosis, and an increase 
in interstitial connective tissue [16]. CMR imaging may 
facilitate the accurate diagnosis of HCM because of its 
ability to provide still images at end-diastole for precise 
measurement of myocardial thickness and because of 
its unique tissue characterization capabilities [19]. 
Conventionally, myocardial replacement fibrosis and 
scarring are identified using late gadolinium enhancement 
(LGE) imaging. Gadolinium contrast agents accumulate 
within the extracellular space in areas with scarring and 
are commonly described as patchy enhancements in the 
thickened myocardium [20-22]. However, almost half of 
patients with HCM have been reported to lack LGE on CMR 
imaging [23,24]. In such cases, multiparametric mapping 
techniques support the evaluation of distinct myocardial 
conditions. Patients with HCM exhibit increased native T1 
and ECV fractions, reflecting the accumulation of interstitial 
fibrosis within an enlarged extracellular matrix. Prolonged 
T1 and elevated ECV fractions have been observed even in 
the absence of regional LGE and hemodynamic obstruction 
in HCM [25]. Patients with HCM may also exhibit an 
elevated native T2 value, which is associated with 
myocardial edema, inflammation, and increased risk of SCD 
[26,27]. In addition, strain imaging has provided evidence 
of myocardial disarray with decreased global longitudinal 
strain (GLS) parameters despite preservation of LV systolic 

function (Fig. 2) [28]. 

Hypertensive Heart Disease

HHD arises due to systemic hypertension, and increased 
blood pressure accentuates hypertrophic remodeling via an 
increase in afterload and LV wall stress [29]. HHD typically 
manifests as concentric hypertrophy, absence of cardiac 
chamber dilatation, and LV wall thickness < 15 mm [30]. 
However, distinguishing HHD from HCM can be challenging 
if LV EDWT exceeds 15 mm [31] because HHD occurs as 
a result of pathological remodeling, similar to HCM [32]. 
One study reported that the segmental distribution of 
EDWT was not significantly different between the two 
groups [29]. LGE is more common in patients with HCM; 
however, half of the patients with HHD may exhibit LGE 
on CMR images. Although HCM more frequently presents 
as LGE at the right ventricular (RV) insertion point, LGE is 
less reliable for differentiating HHD from HCM [29,33,34]. 
Compared to those in normal controls, native T1 values and 
the ECV fraction are also increased in patients with HHD 
and LVH; therefore, these parameters are less useful for 
differentiating HHD from HCM (Fig. 3) [35].

Examination of histological changes may be useful for 
differential diagnosis. Histologically, HHD manifests as 
parallel alignment of hypertrophic cardiomyocytes [36]. In 
contrast, HCM presents with a disorganized arrangement 
of hypertrophic cardiomyocytes. Kato et al. [36] evaluated 
strain rates using tissue Doppler ultrasonography and 
reported that the septum/posterior wall thickness ratio 
was significantly higher in patients with HCM than in those 
with HHD, whereas the mean values of systolic strain were 
significantly higher in patients with HHD than in those 
with HCM. Notably, using these two parameters, that is, 
septum/posterior wall thickness ratio and systolic strain, 
HHD could be distinguished from HCM with 91% accuracy. 
Similarly, CMR imaging has been successfully applied for the 
differential diagnosis of HCM and HHD [29]. Puntmann et 
al. [34] reported that LV strain measured using cine images 
revealed that HCM was characterized by reduced global and 
regional deformation with preserved LV systolic function. In 
contrast, concentric LVH and relatively spared LV strain were 
suggestive of HHD rather than HCM. However, Neisius et 
al. [28] reported that there were no significant differences 
in strain parameters between HHD and HCM subgroups 
with equal LV wall thickness, although GLS was higher in 
patients with HHD. Accordingly, careful investigations that 



584

Cha et al.

https://doi.org/10.3348/kjr.2021.0815 kjronline.org

consider the clinical scenario, multiparametric MR data, 
follow-up, and treatment responses are warranted to ensure 
an accurate diagnosis of HHD [18]. 

Aortic Valve Stenosis

AS is the most common valvular heart disease and can 
progress to afterload-induced heart failure [37,38]. LV 

responses and adaptations to AS are heterogeneous, ranging 
from normal geometry to concentric, asymmetrical, and 
eccentric remodeling and hypertrophy [39]. LVH is a well-
known sequela of chronic pressure overload due to AS, 
which is a compensatory mechanism for normalizing wall 
stress and maintaining cardiac output [40]. Asymmetrical 
LVH is fairly common and is observed in 27% of patients 
with AS [41]. Dweck et al. [39] reported that asymmetric 

Fig. 2. CMR findings of HCM based on histologic features.
A. A schematic illustration of representative histological findings of HCM includes cardiomyocyte hypertrophy with a disorganized arrangement of 
fibers and interstitial fibrosis. Variations in muscle fiber thickness and enlarged and hyperchromatic nuclei are characteristic features. B. On short-
axis cine images of the end-diastolic phase, the LV wall is thickened, measuring 18 mm. C. LGE imaging reveals patchy hyperenhancement in a 
thickened myocardium, which correlates histologically with regions of fibrosis. D. The native T1 map shows heterogeneous native T1 values of the 
myocardium, measuring up to 1320 ms on 3T MRI. E. After contrast media injection, the myocardium showed patchy areas with decreased post-T1 
values. F. The T2 map shows increased T2 values of thickened myocardium, measuring up to 45 ms on 3T MRI. G, H. The ECV fraction map (G) and 
bull’s eye diagram (H) demonstrate increased ECV of the myocardium, up to 50.6%. I. A bull’s eye polar map of the GLS measured on cine images 
shows decreased absolute strain values in each myocardial segment. CMR = cardiac magnetic resonance, ECV = extracellular volume, GLS = global 
longitudinal strain, HCM = hypertrophic cardiomyopathy, LGE = late gadolinium enhancement, LV = left ventricular
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LVH was most frequently observed in the basal-to-mid 
septum, with a mean thickness of 17 mm. Thus, HCM and 
AS may overlap considerably in morphological assessments.

Cardiac cine images may provide clues for the differential 
diagnosis of AS and HCM. Cine images show the systolic 
jet of turbulent flow across the aortic valve (AV), with a 
decreased AV area in AS. In contrast, in patients with HCM, 

the jet is observed in the subaortic region, resulting from 
thickening of the adjacent basal LV anteroseptal wall [16]. 
LGE is less useful for differential diagnosis, as focal delayed 
hyperenhancement is a frequent finding on LGE imaging in 
patients with AS (Fig. 4) [42].

Characteristic histological features of AS include 
cardiomyocyte hypertrophy and extracellular matrix 

Fig. 3. CMR findings of hypertensive heart disease based on histologic features.
A. A schematic illustration of representative histological findings of hypertensive heart disease indicates that cardiomyocytes are hypertrophied 
with preserved parallel alignment. The intermuscular space is widened, and interstitial and perivascular fibrosis can be observed. B. On the short-
axis cine image of the end-diastolic phase, the LV myocardium is concentrically thickened, measuring up to 17 mm. C. LGE image shows focal 
hyperenhancement at the right ventricular insertion points. D. The native T1 map shows slightly increased native T1 values of the LV septum, 
measuring up to 1286 ms on 3T MRI. E. On the post-contrast T1 map, the myocardium shows homogenous post-T1 values. F. The T2 map shows 
even T2 values. G, H. The ECV fraction map (G) and bull’s eye diagram (H) demonstrate a slightly increased ECV fraction of the myocardium, up 
to 32.9%. I. A bull’s eye polar map of the GLS measured on cine images shows relatively preserved LV strain values in each myocardial segment. 
CMR = cardiac magnetic resonance, ECV = extracellular volume, GLS = global longitudinal strain, LGE = late gadolinium enhancement, LV = left 
ventricular
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expansion with interstitial fibrosis, which eventually leads 
to cellular apoptosis and subsequent replacement fibrosis 
[43]. Studies have reported increased native T1 values 
and ECV fractions in patients with AS, but there may be 
a substantial overlap with normal control values [40,44]. 
However, a significant correlation between native T1 
values and ECV fractions with AS severity, LV mass, and 
cardiac function in patients with AS has been reported 

[44]. In addition, recent studies have demonstrated that 
ECV is a significant predictor of severe myocardial fibrosis 
and long-term clinical outcomes in patients with AS, 
highlighting the prognostic power of CMR markers [45-47]. 
Furthermore, CMR imaging provides additional insights 
into LV reverse remodeling after AV replacement. Studies 
have demonstrated that LV mass regression after surgery 
results from decreased interstitial fibrosis and regression of 

Fig. 4. CMR findings of aortic stenosis based on histologic features.
A. A schematic illustration of representative histological findings in aortic stenosis shows that cardiomyocytes are thickened and nuclei are 
enlarged with preserved muscle fiber alignment. B. Three-chamber cine image of the systolic phase shows thickened aortic valves with artifacts 
in the supra-valvular area. C. The left ventricular myocardium is concentrically thickened, measuring up to 18 mm on a short-axis cine image 
of the end-diastolic phase. D. LGE image reveals multifocal patchy myocardial scarring. E. The native T1 map shows increased native T1 values, 
measuring up to 1315 ms on 3T MRI. F. On the post-contrast T1 map, the myocardium shows heterogeneous post-T1 values with multifocal 
patchy foci and decreased T1 values. G. The T2 map shows relatively even myocardial T2 values. H, I. The ECV fraction map (H) and bull’s eye 
diagram (I) demonstrate an increased ECV fraction in the myocardium. CMR = cardiac magnetic resonance, ECV = extracellular volume, LGE = late 
gadolinium enhancement
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cardiomyocyte hypertrophy, but focal replacement scarring 
and LGE do not resolve [45]. In terms of CMR strain analysis 
in patients with AS, research on the differentiation of 
AS from various HCM phenotypes using the CMR strain is 
limited. Instead, various CMR strain studies have focused 
on predicting myocardial remodeling in patients with AS. 
Hwang et al. [48] reported that LV GLS is associated with 
postoperative LV remodeling in patients with severe AS. 
Peak LV circumferential stains are also reportedly associated 
with postoperative mortality [49]. In addition, two-
dimensional global longitudinal peak strain on CMR has 
been suggested as a prognostic predictor of clinical cardiac 
events in asymptomatic patients with AS and preserved 
cardiac function [50].

Liposomal Storage Disease

Anderson-Fabry disease (henceforth referred to as Fabry 
disease) is a rare genetic multisystem lysosomal storage 
disorder characterized by intracellular accumulation 
of glycosphingolipids caused by alpha-galactosidase A 
deficiency [51]. Cardiac involvement is important for 
prognosis and is reported in 40%–60% of patients with 
Fabry disease [52,53]. In cases of Fabry disease with 
cardiac involvement, ventricular (mainly LV) hypertrophy 
occurs, resulting in heart failure, valvular abnormality, 
ischemia, and arrhythmia [53]. Thus, CMR imaging may be 
a useful tool for the diagnosis of Fabry disease. On cine 
imaging, concentric LVH is common and the LV mass is 
increased. Diastolic dysfunction appears first and may be 
followed by a decrease in systolic function as myocardial 
fibrosis progresses [53,54]. For CMR strain analysis, Mathur 
et al. [55] demonstrated that the global longitudinal and 
circumferential strains from patients with Fabry disease 
did not differ significantly from those of healthy controls. 
Instead, they suggested that loss of the base-to-apex 
circumferential strain gradient might be an early marker 
of cardiac Fabry disease. On LGE imaging, inferolateral 
mesocardial distributed LGE is a well-established feature of 
Fabry disease [56].

A key feature in the differential diagnosis of Fabry 
disease is intracellular lipid accumulation with fat vacuoles 
[56]. Fat has a very short T1 value (usually 250 ms), and fat 
vacuoles shorten the T1 value of the myocardium. Therefore, 
T1 mapping is useful for diagnosing Fabry disease. Various 
heart diseases, including HHD, HCM, cardiac amyloidosis, 
sarcoidosis, and AS, exhibit increased values on T1 

mapping. Low native T1 values in the septum are strongly 
suggestive of Fabry disease rather than HCM or other 
cardiac diseases with LVH [57,58]. Furthermore, T1 values 
of the interventricular septum can be used to evaluate 
cardiac involvement in Fabry disease without LVH and to 
monitor treatment responses [59-61]. The ECV fraction and 
T2 values may increase in the area of hyperenhancement on 
LGE imaging, suggesting myocardial fibrosis or inflammatory 
changes [59,62]. However, myocardium with a low native 
T1 value typically demonstrates normal ECV fraction and T2 
values (Fig. 5). 

Cardiac Amyloidosis

Amyloidosis comprises a group of diseases underscored 
by the extracellular deposition of amyloid fibrils, which 
are insoluble proteins formed by the breakdown of normal 
and/or abnormal proteins [63,64]. Cardiac amyloidosis is 
uncommon; however, cardiac involvement in amyloidosis 
results in progressive restrictive cardiomyopathy and 
is a major prognostic factor in patients with systemic 
amyloidosis [65,66]. Two main types of cardiac amyloidosis 
exist, immunoglobulin light-chain amyloidosis (AL) and 
transthyretin amyloidosis (ATTR). ATTR is divided into 
mutant (ATTRm) and wild-type (ATTRwt) forms according 
to the presence or absence of genetic mutations [67]. 
Early diagnosis of cardiac amyloidosis is essential for a 
better prognosis [68]. CMR imaging has been employed for 
diagnosing cardiac amyloidosis with excellent sensitivity 
and specificity [64]. On cine images, asymmetric or 
symmetric LV wall thickening is common [69,70] and can 
be accompanied by thickening of the RV or atrial wall [71]. 
Strain analysis using cine images could help in the early 
diagnosis, severity evaluation, and prognosis assessment 
of cardiac amyloidosis [65]. Decreased strain parameters 
with relative apical sparing are well-known characteristics 
of cardiac amyloidosis [72]. However, strain abnormalities 
are not specific for cardiac amyloidosis [65]. Diffuse 
annular LGE is a typical finding in amyloidosis. However, 
various types of abnormal LGE are possible, including focal 
patchy, diffuse patchy, subendocardial, subepicardial, 
and diffuse transmural or global LGE [65]. Therefore, the 
differential diagnosis of HHD, HCM, and other restrictive 
cardiomyopathies can be challenging. 

The key histological feature of cardiac amyloidosis is the 
deposition of amyloid fibrils in the myocardial interstitium 
and edematous changes [65]. On quantitative mapping 
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images, cardiac amyloidosis presents as high T1 values, high 
T2 values, and a high ECV fraction, representing myocardial 
edematous changes (T1 and T2 values) or amyloid burden 
(T1 values and ECV fraction) [65,73]. In particular, ECV is 
substantially higher in patients with amyloidosis than in 
those with other conditions that cause LVH (Fig. 6) [58]. 
Compared to amyloidosis, ATTR tends to exhibit more 
extensive and transmural LGE, a higher ECV fraction, and 

lower T1 or T2 values, representing greater amyloid burden 
infiltration and less myocardial edema [64].

In addition, bone scintigraphy is useful for differentiating 
ATTR from AL. Bone scintigraphy using technetium 
99m (99mTc) pyrophosphate, 99mTc-3,3-diphosphono-1,2-
propanodicarboxylic acid, and 99mTc-hydroxymethylene 
diphosphonate revealed myocardial uptake of radiotracers 
with high sensitivity and specificity in patients with ATTR 

Fig. 5. CMR findings of Anderson-Fabry disease based on histologic features.
A. The distinct histological feature of Fabry disease is the accumulation of intracellular lysosomal glycosphingolipids. A schematic illustration of 
representative histologic findings revealing hypertrophic myocytes with perinuclear and cytoplasmic vacuoles. B. On the short-axis cine image of 
the end-diastolic phase, the LV wall showed concentric thickening. C. LGE imaging revealed focal hyperenhancement in the lateral free wall of the 
basal left ventricle. D, E. The native T1 map shows heterogeneous T1 values of the myocardium, with decreased native T1 values at the basal LV 
septum and increased native T1 values at the lateral free wall. F. The T2 map shows slightly increased T2 values at the lateral free wall. G. After 
contrast media injection, the myocardium demonstrated a focal area of decreased post-T1 values in the lateral LV wall. H, I. The ECV fraction map 
(H) and bull’s eye diagram (I) show an increased ECV fraction at the lateral free wall, corresponding to the LGE area. CMR = cardiac magnetic 
resonance, ECV = extracellular volume, LGE = late gadolinium enhancement, LV = left ventricular
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[74,75]. In contrast, patients with amyloidosis show no 
significant myocardial uptake [65].

Mitochondrial Cardiomyopathy

Mitochondrial myopathies are a heterogeneous group of 
disorders caused by mutations in the maternally inherited 
mitochondrial genome [76]. Mitochondrial myopathies 

are associated with dysfunctional energy production and 
multisystemic involvement of the central nervous system, 
heart, and skeletal system. Mitochondrial myopathy-related 
cardiac abnormalities include dilated cardiomyopathy and 
HCM phenotypes. The HCM phenotype is the most common 
cardiac abnormality in patients with mitochondrial disease-
related cardiomyopathy [77] and is typically characterized 
by concentric LVH [76]. When mitochondrial cardiomyopathy 

Fig. 6. CMR findings of immunoglobulin light-chain amyloidosis based on histologic features.
A. A schematic illustration of representative histologic findings of cardiac amyloidosis showing interstitial deposits of amorphous material 
(amyloid). B. In the four-chamber cine image of the end-diastolic phase, diffuse LV and right ventricular wall thickening are observed. C. LGE 
image reveals diffuse circumferential LV subendocardial hyperenhancement. D, E. The native T1 map shows diffusely increased native T1 values in 
the myocardium. F. After contrast media injection, the myocardium demonstrates low subendocardial post-T1 values in the left ventricle. G. The 
T2 map shows diffusely increased T2 values in the myocardium, measuring up to 55 ms. H. The bull’s eye diagram of ECV fraction demonstrates a 
markedly increased ECV fraction of the myocardium, which is calculated to be up to 61.5%. I. A bull’s eye polar map of the GLS measured on cine 
images shows decreased ventricular strain values with relative apical sparing. CMR = cardiac magnetic resonance, ECV = extracellular volume, 
GLS = global longitudinal strain, LGE = late gadolinium enhancement, LV = left ventricular

A

D

G H I

E F

B C



590

Cha et al.

https://doi.org/10.3348/kjr.2021.0815 kjronline.org

presents as LVH, the differential diagnosis can be 
challenging [78], and the major role of cardiac imaging 
is to exclude other possible infiltrative or inflammatory 
diseases [79]. LGE images of patients with mitochondrial 
cardiomyopathies may exhibit non-coronary multifocal LGEs 
[79]. Perfusion MRI may indicate perfusion defects in LGEs 
[80] or subendocardial perfusion defects [79].

A key histological feature of mitochondrial 
cardiomyopathy is cardiomyocyte hypertrophy with 
vacuolar changes, derived from abnormal mitochondrial 

accumulation, which appears as a red fiber on modified 
Gomori trichrome staining. An increased number of swollen 
mitochondria with variable sizes and shapes constitutes a 
distinct feature in electron microscopic evaluation [79]. 
Intracellular vacuolar changes indicate increased water 
content in the myocardium, resulting in a diffuse increase 
in the T2 signal or values in the LV myocardium (Fig. 7). 
In addition, concomitant hearing loss, low skeletal mass, 
and pericardial effusion are suggestive of mitochondrial 
cardiomyopathy [79]. 

Fig. 7. CMR findings of mitochondrial cardiomyopathy based on histologic features.
A. A schematic illustration of the histological features of mitochondrial cardiomyopathy indicating myocyte hypertrophy with vacuolar changes. 
B. On short-axis cine image of the end-diastolic phase, the LV shows concentric wall thickening. C. LGE imaging reveals the absence of focal 
abnormal hyperenhancement in the LV. D-F. The T2 maps (D, E) and bull’s eye diagram (F) show diffusely increased T2 values of the myocardium, 
measuring up to 69.8 ms on 1.5T MRI. G. The native T1 map shows diffusely increased native T1 values of the myocardium, measuring up to 1150 
ms on 1.5T MRI. H. After contrast media injection, the myocardium reveals homogeneous post-T1 values in the LV. I. The ECV fraction map shows 
normal LV ECV fraction. CMR = cardiac magnetic resonance, ECV = extracellular volume, LGE = late gadolinium enhancement, LV = left ventricular
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Sarcoidosis

Sarcoidosis is a multisystem disorder of unknown 
etiology. The histologic hallmark of sarcoidosis is the 
presence of non-caseating non-necrotic granulomas in 
the involved organs. The clinical manifestation of cardiac 
involvement occurs in approximately 5% of patients with 
sarcoidosis [81]. However, autopsy studies have estimated 

that the prevalence of cardiac involvement in patients 
with sarcoidosis is at least 25% [82]. The major clinical 
manifestations of cardiac sarcoidosis include conduction 
abnormalities, ventricular arrhythmias, and heart failure 
[83]. Patients with cardiac involvement have a poorer 
prognosis than those without cardiac involvement [84]. 
Thus, timely and accurate diagnosis and management of 
cardiac sarcoidosis is critical.

Fig. 8. CMR findings of cardiac sarcoidosis based on histologic features. 
A. A schematic illustration of the histological features of sarcoidosis represents interstitial non-caseating granulomas, comprising a collection 
of epithelioid histiocytes and lymphocytes with multinucleated giant cells distributed along the lymphatics. B, C. On the short-axis cine image 
of the end-diastolic phase, basal thinning of the interventricular septum is noted (B), with epicardial or transmural enhancement on the 
LGE image (C). D, E. At the mid-left ventricular level, the interventricular septum shows mild thickening, measuring up to 16 mm (D), with 
hyperenhancement of the epicardial layer on the LGE image (E). F. The T2 map shows heterogeneously increased myocardial T2 values. G. The 
native T1 map shows increased native T1 values, measuring up to 1350 ms on 3T MRI. H. The post-T1 map demonstrates relatively lower post-T1 
values at the epicardial layer of inferoseptal wall, corresponding to the LGE area. I. The LGE image of the basal level with fusion of 18F-labeled 
fluoro-2-deoxyglucose PET suggests active inflammation surrounding the regions of an established scar. CMR = cardiac magnetic resonance, LGE = 
late gadolinium enhancement
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A consensus statement on cardiac sarcoidosis by a 
consortium of international experts proposed LGE on 
CMR imaging as a criterion for the diagnosis of cardiac 
sarcoidosis [85]. The LGE pattern of cardiac sarcoidosis 
is patchy and multifocal with transmural involvement or 
sparing of the endocardial border; however, this pattern 
is nonspecific and overlaps substantially with that of 
other inflammatory and infiltrative cardiac diseases [86]. 
Furthermore, data on CMR strain in cardiac sarcoidosis are 
limited. Previously, Dabir et al. [87] reported that GLS was 
reduced in patients with cardiac sarcoidosis and associated 
with a negative outcome.

The histologic features of cardiac sarcoidosis differ 
according to the disease phase. The acute inflammatory 
phase is characterized by granulomatous infiltration, 
myocardial inflammation, and edema. This results in 
myocardial thickening, patchy increased signal intensity 

on T2-weighted images, and increased T2 values [88]. 
Native T1 values and ECV fractions are also elevated 
owing to acute myocardial inflammation or edema [89]. 
In the chronic phase, granulomatous infiltration results in 
replacement scarring and wall thinning, with regional wall 
motion abnormalities. Native T1 values and ECV fraction 
can be increased due to myocardial fibrosis, and scarring 
[89]. Recent studies have demonstrated that native T1 
and T2 values enable non-invasive recognition of cardiac 
involvement and activity evaluation of sarcoidosis [90]. In 
addition, 18F-fluorodeoxyglucose PET, which is sensitive to 
metabolically active inflammation, has been widely reported 
to play a substantial role in the diagnosis and prognosis of 
cardiac sarcoidosis (Fig. 8) [91].

Table 1. Cardiac MRI Characteristics for Differentiation of Thickened Myocardium Based on Histologic Features
Hypertrophic 

Cardiomyopathy

Hypertensive 

Heart Disease

Aortic 

Stenosis

Anderson-

Fabry Disease
Amyloidosis

Mitochondrial 

Cardiomyopathy
Sarcoidosis

Athlete’s 

Heart

LVH pattern Asymmetric > 

Concentric

Concentric > 

Asymmetric

Concentric > 

Asymmetric

Concentric > 

Asymmetric

Concentric,  

Asymmetric

Concentric > 

Asymmetric

Concentric > 

Asymmetric 

(acute)

Concentric > 

Asymmetric

Unique 

  histologic 

  features

Cardiomyocyte 

hypertrophy, 

hypertrophic 

nuclei,

disorganized 

myofibrillary 

arrangement,

interstitial 

fibrosis

Cardiomyocyte 

hypertrophy with 

parallel alignment, 

interstitial and 

perivascular 

fibrosis

Cardiomyocyte 

hypertrophy and 

interstitial 

fibrosis

Mild cardiomyocyte 

hypertrophy,

perinuclear and 

cytoplasmic 

vacuoles 

(lysosomal 

glycosphingolipid 

accumulation) 

Extracelluar 

homogenous, 

eosinophilic 

substance 

deposited 

in interstitium

Peripheral and 

intermyofibrillar 

accumulation 

of abnormal 

mitochondria: ragged 

red fiber 

on modified 

Gomori trichrome 

stain 

Noncaseating 

epithelioid 

granulomas and 

multinucleated 

giant cells 

in interstitium, 

distributed along 

the lymphatics

Cardiomyocyte 

hypertrophy 

without 

interstitial 

fibrosis 

T1 value ↑ ↑ ↑ ↓↓ ↑↑ ↑ ↑ ↓/↔

T2 value ↑/↔ ↔ ↔ ↑/↔ ↑ ↑↑ ↑ (acute) ↔

ECV fraction ↑ ↑ ↑ ↑/↔ ↑↑ ↔ ↑ ↓

LGE ++/+/-

Multifocal patchy

+/- +/- +/-

Inferolateral

++/+

Circular 

subendocardial

+/- ++/+

Multifocal patchy, 

epicardial 

Rare

LV strain 

  on CMR

↓↓ ↓/↔ ↓

In severe AS

↓

Loss of base-to-apex 

circumferential strain 

gradient

↓↓

Relative apical 

sparing 

↓ ↔

Additional 

  features

LVOT jet flow, and

small LV cavity

Hypertension AV jet flow Systemic 

involvement 

Atrial involvement, 

pericardial or 

pleural effusion

Hearing loss, 

low skeletal 

mass, and 

pericardial 

effusion

FDG PET (+) Proportional 

cavity 

enlargement,

improved LVH 

after detraining

AS = aortic valve stenosis, AV = aortic valve, CMR = cardiac magnetic resonance, ECV = extracellular volume, FDG = fluorodeoxyglucose, 
LGE = late gadolinium enhancement, LV = left ventricular, LVH = left ventricular hypertrophy, LVOT = left ventricular outflow tract, ↑ = 
mild increase, ↑↑ = moderate to marked increase, ↓ = mild decrease, ↓↓ = moderate to marked decrease, ↔ = within normal range
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Athlete’s Heart

Athlete’s heart occurs because of cardiac adaptations to 
high-intensity exercise and is characterized by increased 
LV volume, increased LV wall thickness, increased 
myocardial mass, resting bradycardia, and electrocardiogram 
abnormalities [32,92]. SCD is fairly common in young 
athletes, and HCM is the most common cause of SCD among 
athletes. Therefore, differential diagnosis of athlete’s heart 
from HCM is crucial but can be challenging [93].

Athlete’s heart is underpinned by physiological remodeling, 
whereas HCM is underscored by pathological remodeling 
[94]. LV EDWT in athlete’s heart is typically < 15 mm, and 
only 1.5% of athletes exhibit LV wall thickness > 15 mm 
[95,96]. LV wall thickening in athlete’s heart is diffuse, 
and the chamber enlargement is proportional, as this 
condition is a result of physiologic wall stress and pressure 
[32]. In HCM, the LV end-diastolic cavity size is generally 
decreased and the LV end-diastolic diameter (LVEDD) is 
< 45 mm. In contrast, in athlete’s heart, the LV cavity 
is enlarged and the LVEDD is > 55 mm. HCM presents 
as diastolic dysfunction and hyperdynamic LV systolic 
function, whereas diastolic dysfunction is not observed 
in athlete’s heart [32]. Although various features can be 
used to differentiate athlete’s heart from HCM, considerable 
ambiguity exists [93,97]. A recent study by Giusca et al. 
[98] showed that CMR-derived myocardial strain could aid 
in the differentiation between athlete’s heart and HCM, and 
between athlete’s heart and HHD. In contrast to HCM and 
HHD, the GLS of patients with athlete’s heart did not differ 
significantly from that of the healthy participants.

Histologically, athlete’s heart is characterized by 
increased LV mass, expansion of the cellular compartment, 
and smaller ECV [94], which are distinct features on CMR 
imaging. Abnormal focal LGE is rare in untrained individuals 
and athletes. Native T1 values and ECV fractions were 
significantly lower in athletes than in untrained individuals 
[99]. High-performance athletes exhibited a very low 
ECV fraction and increased intracellular mass index. 
Furthermore, a higher LV mass is correlated with a lower 
ECV fraction [99,100]. An increase in LV mass is associated 
with a reduction in ECV in athletes, but an increase in ECV 
in patients with HCM [100]. Thus, the absence of typical 
HCM features, lack of LGE, low native T1 values, and a low 
ECV fraction may be crucial findings in CMR imaging for 
differentiating athlete’s heart from HCM typically showing 
multifocal patchy LGE, increased native T1 and T2 values, 

and an increased ECV fraction.

CONCLUSIONS

An accurate differential diagnosis of LVH is mandatory to 
ensure appropriate treatment. The greatest strength of CMR 
imaging is its ability to provide various tissue contrasts and 
characteristics that reflect the histological changes in the 
myocardium. With technical innovations, CMR imaging may 
provide multiparametric information, including T1 and T2 
values, ECV fraction, and strain data (Table 1). Although the 
differential diagnosis of LVH can be complex, CMR imaging 
enables reasonable interpretations of myocardial conditions 
using multiparametric analysis. This will enable the exclusion 
of inappropriate diagnoses and narrowing down of other 
potential diseases. A more precise CMR analysis based on a 
deeper understanding of the pathophysiological mechanisms 
will improve the accuracy of the differential diagnosis of LVH.
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