Heart Failure Reviews (2021) 26:1297-1310
https://doi.org/10.1007/510741-020-10058-6

=

Check for
updates

Fibrosis in hypertrophic cardiomyopathy: role of novel echo
techniques and multi-modality imaging assessment

Efstathios D. Pagourelias'© - Georgios M. Alexandridis’ - Vassilios P. Vassilikos'

Accepted: 16 November 2020 / Published online: 15 May 2021
© Springer Science+Business Media, LLC, part of Springer Nature 2021

Abstract

Hypertrophic cardiomyopathy (HCM) represents one of the primary cardiomyopathies and may lead to heart failure and
sudden cardiac death. Among various histologic features of the disease examined, assessment of myocardial fibrosis may
offer valuable information, since it may be considered the common nominator for all HCM connected complications. Late
gadolinium-enhanced cardiac magnetic resonance (LGE-CMR) has emerged as the reference noninvasive method for visual-
izing and quantifying myocardial fibrosis in patients with HCM. T1 mapping, a promising new CMR technique, may provide
an advantage over conventional LGE-CMR, by permitting a more valid quantification of diffuse fibrosis. On the other hand,
echocardiography offers a significantly more portable, affordable, and easily accessible solution for the study of fibrosis.
Various echocardiographic techniques ranging from integrated backscatter and contrast-enhanced ultrasound to two- (2D)
or three-dimensional (3D) deformation and shear wave imaging may offer new insights into substrate characterization in
HCM. The aim of this review is to describe thoroughly all different modalities that may be used in everyday clinical practice
for HCM fibrosis evaluation (with special focus on echocardiographic techniques), to concisely present available evidence
and to argue in favor of multi-modality imaging application. It is essential to understand that the role of various imaging
modalities is not competitive but complementary, since the information provided by each one is necessary to illuminate the
complex pathophysiologic pathways of HCM, offering a personalized approach and treatment in every patient.
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Introduction

Hypertrophic cardiomyopathy (HCM) is an autosomal
dominant genetic disorder with a prevalence of 1:500 in the
general population [1]. It is caused by mutations in cardiac
sarcomeric proteins [2, 3], two thirds of which are associ-
ated with the genes encoding cardiac f-myosin heavy chain,
cardiac troponin T, and myosin-binding protein C [1]. HCM
is macroscopically defined by eccentric left ventricular (LV)
hypertrophy [3], without dilatation of the cavity [4], accom-
panied by preserved or increased ejection fraction (Fig. 1)
[5]. Most commonly, cardiac hypertrophy is located in the
basal interventricular septum adjacent to the aortic valve [5].
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This septal hypertrophy may favor the hemodynamic condi-
tions for left ventricular outflow tract obstruction (LVOT),
which at rest is present in about one third of HCM patients,
and it can be found in another one third after provocation
(Fig. 1) [5]. In microscopic level, HCM is characterized
pathologically by myocyte hypertrophy, disarray, fibrosis,
and small vessel disease [6—9]. Concerning myocardial dis-
array and fibrosis, these two pathologic processes may co-
exist but may not be entirely inter-related in HCM, a point
that should be taken into consideration when these two
characteristics are assessed through cardiovascular imaging.
Based on the main macroscopic characteristics of the dis-
ease and the existence or not of fibrosis, two distinct HCM
phenotypes have been recently suggested: one group, posi-
tive for sarcomere mutations, is more likely to have reverse
septal curvature morphology, fibrosis, and no or less resting
obstruction while another phenotype, negative for sarcomere
mutations, frequently has isolated basal septal hypertrophy
with obstruction, but less fibrosis [10].
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Fig.1 Typical echocardiographic images of a hypertrophic cardiomyopathy patient (upper panels) with turbulent flow (right) due to left ven-
tricular outflow tract obstruction. Lower panel shows a typical ECG with deep T wave inversion in a patient with prominent apical hypertrophy

Clinical diagnosis of HCM is based on the presence of
a wall thickness > 15 mm in one or more LV myocardial
segments as measured by any imaging technique (echocar-
diography, cardiac magnetic resonance imaging (CMR), or
computed tomography (CT)), not explained solely by load-
ing conditions [11]. However, in first-degree relatives of
patients with HCM, the diagnosis of HCM can be confirmed
by the presence of otherwise unexplained increased LV wall
thickness > 13 mm [11].

The majority of patients with HCM have an excellent
prognosis [5, 12], with a mortality rate of 0.5% of a year,
similar to that found in the general population [6, 13], while
most of the affected individuals remain asymptomatic or
minimally symptomatic through their lives [13, 14]. Despite
this uneventful course for the majority of HCM patients, a
still significant percent will experience adverse events, such
as atrial fibrillation, evolution towards a dilated “burnt-out”
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phenotype leading to concomitant heart failure and in a few
cases (ranging from 0.5 up to 2% per year) sudden cardiac
death (SCD) [12].

Even though different risk factors and clinical scores have
been adopted to successfully predict HCM individuals who
might experience unfavorable course and especially SCD [5,
11, 14, 15], all of the existing clinical models present high
negative predictive value with a low positive one. This liter-
ally means that existing prediction algorithms, used mainly
to guide implantation of cardioverter defibrillators (ICDs),
are still far by correctly classifying the risk in HCM. This
shortcoming makes the recognition of new indices and their
inclusion in risk stratification process necessary. Among dif-
ferent parameters tested, assessment of myocardial fibrosis
may offer additional information, being possibly the com-
mon nominator for all HCM connected complications [1,
11, 16-18].
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Types and significance of myocardial fibrosis
in HCM

Fibrosis is a scarring process indicated by cardiac fibro-
blast activation and differentiation into myofibroblasts, loss
of extracellular matrix homeostasis, and excess deposition
of collagen [19, 20]. This pathophysiologic waterfall con-
tributes to increased mechanical stiffness leading to dias-
tolic dysfunction, evolution towards heart failure, as well
as development of cardiac arrhythmias [8, 20, 21]. Histo-
logically, 3 different forms of fibrosis can be recognized: (a)
replacement/scarring fibrosis, (b) reactive interstitial fibro-
sis, and (c) perivascular fibrosis with the two first forms
being the most common in HCM and discussed in depth
later (Fig. 2) [21]. Interstitial fibrosis is characterized by
an increase in extra cellular matrix and collagen deposits
between the cells without loss of cardiomyocytes [22]. This
type of fibrosis is diffusely present throughout the myo-
cardium and is mostly caused by chronic triggers, such as
pressure overload (hypertension, obstructive HCM, etc.),
inflammation, and aging [22, 23]. Perivascular fibrosis is
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Fig.2 Different type of fibrosis in cardiomyopathy patients. Left
panels are artworks while right correspond to histologic specimens.
Fibrosis is indicated with black arrows. M myocardial fibers, V coro-
nary vessel

characterized by accumulation of collagen fibers in the area
surrounding the coronary arteries and is mainly observed
in the setting of hypertension [23]. Finally, replacement
fibrosis presents following cardiomyocyte death, occurring
for instance after acute ischemic injury, such as myocardial
infarction (MI) [23]. In HCM, patches of replacement fibro-
sis are more prominently observed in interventricular septum
and especially in the insertion points of LV and RV, while it
is also mostly recognized in the mid-myocardial layer [22].

Pathophysiologically, all HCM complications may be
connected with the existence and evolution of fibrosis. Con-
cerning arrhythmias, the contribution of fibrosis is towards
a creation of a vulnerable substrate, while simultaneously
facilitating the emergence of triggers, such as premature
ventricular complexes (PVCs) [24]. This trigger-substrate
combination promotes the initiation of functional or ana-
tomic reentry [24], leading to ventricular tachyarrhythmias/
fibrillation (VT/VF) [24] which seems to be the principal
mechanism of SCD in HCM patients [25-27]. However, the
different types of fibrosis may lead to arrhythmias employ-
ing different paths/mechanisms [24]. For example, replace-
ment fibrosis provides an inexcitable obstacle which favors
arrhythmias by anchoring reentrant waves [20]. On the other
hand, diffuse interstitial fibrosis is characterized by the pres-
ence of nonconducting collagen septa between myocytes
leading to conduction slowing, unidirectional block due to
source-sink mismatch and trigger escape, favoring the onset
of reentrant activity [20, 24].

Except its role in arrhythmiogenesis, interstitial fibrosis
gives rise to increased LV stiffness and higher LV filling
pressure [28]. As a result, LV diastolic function is com-
promised reducing exercise tolerance in HCM patients [5,
28]. Moreover, the increased amount of collagen in the
perivascular compartment may provide a possible structural
explanation for the impaired coronary vasodilator reserve
[29]. In other words, the small intramural coronary arter-
ies, which are embedded in the interstitial fibrous tissue,
exhibit wall thickening and narrow lumina, contributing to
myocardial ischemia [5]. This ischemia might further play
a role in expanding replacement fibrosis, initiating thus a
vicious circle, which leads to the dilated “burn out” phase
of HCM characterized by wall thinning, cavity dilatation,
and systolic dysfunction (heart failure with reduced ejection
fraction) [1, 5, 6].

These pathophysiologic sequelaec make evident that
assessment of fibrosis in HCM plays a significant role in
prognostication and risk stratification for the disease. There-
fore, aim of this mini-review is to describe which current
imaging modalities and techniques may be applied to visual-
ize fibrosis along with their pros and cons. These modalities
can be roughly classified into those permitting direct fibrosis
visualization and those allowing an indirect assessment of
fibrosis burden.
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CMR: the gold standard for detecting
fibrosis

Cardiovascular magnetic resonance (CMR) is able to
provide extensive information on cardiac morphology,
ventricular function, and myocardial tissue characteris-
tics [11]. Specifically, late gadolinium-enhanced cardiac
magnetic resonance (LGE-CMR) has emerged as the refer-
ence noninvasive method for visualizing and quantifying
myocardial fibrosis in patients with HCM (Fig. 3) [26, 30].

Gadolinium chelates are contrast agents which diffuse
quickly and passively leave the vascular space in order
to concentrate in the extracellular compartment [31, 32].
They are inert and cannot move to the intracellular space,
characteristics which gave rise to the often-used term
“extracellular, extravascular contrast agents” [32, 33]. The
expanded extracellular compartment in the myocardium of
HCM patients, which is caused by fibrosis and addition-
ally by myocardial disarray, leads to increased volume of
gadolinium distribution and slower washout kinetics [33].
As aresult, the relative accumulation of gadolinium com-
pared to normal myocardium can be detected in the late
washout phase [33].

Since the first report in 2002 [34], LGE-CMR plays
a pivotal role in fibrosis assessment in HCM [35]. Espe-
cially, late gadolinium enhancement (LGE) is a strong
independent predictor of adverse effects, such as SCD
and progression to heart failure symptoms [36]. In studies
which examine the relationship between LGE and prog-
nosis of HCM, LGE was associated with risk of malignant
arrhythmias, sustained ventricular tachycardia, and ven-
tricular fibrillation [37, 38]. As a result, LGE can help in

Fig. 3 Short-axis late gadolin-
ium-enhanced (LGE) cardio-
vascular magnetic resonance
images from different hyper-
trophic cardiomyopathy patients
(each panel comes from a
different patient). White arrows
indicate different types of LGE
(midmyocardial, subepicardial,
etc.) in various levels (basal,
mid, apical)
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risk stratification of HCM patients for SCD, determining
the implantation of implantable cardioverter defibrillator
(ICD) or not [31, 37].

Despite the fact that LGE-CMR is crucial for depicting
replacement fibrosis, it is not suitable to delineate diffuse
interstitial fibrosis [31, 36]. As referred by Vohringer et al.,
there are two major reasons why LGE applying an all-or-
nothing approach is very sensitive to regional Gd accumula-
tion, and therefore able to visualize focal regions of (replace-
ment) fibrosis but not diffuse interstitial fibrosis [31]. The
major disadvantage of LGE is its limited voxel resolution,
being approximately 1.8 mm X 1.2 mm X 6 mm, so only scar
tissue will be visible on CMR [31]. In addition to that, the
lack of a common standardized protocol for acquisition and
evaluation of LGE imaging combined with the difficulty in
setting the reference area make the quantification of fibrosis
even more challenging [39—41].

A promising new CMR technique is T1 mapping which
may provide an advantage over conventional LGE-CMR, by
permitting a more valid quantification of diffuse fibrosis [32,
36]. T1 mapping consists of the generation of a pixelated
map based on the longitudinal or spin-lattice relaxation of
protons that recover towards thermodynamic equilibrium
following excitation with the radiofrequency beam [22,
42]. The value of T1 relaxation time varies according to the
state of the molecular environment. The native T1 value is a
tissue-specific time constant in the absence of an exogenous
contrast agent. Tissues generally contain water but patholog-
ical processes, including fibrosis, alter the water composition
and thereby alter the T1 values [22, 42]. In case of myocar-
dial fibrosis, an increase in native T1 relaxation time will be
observed. T1 mapping can also be combined with adminis-
tration of Gd, which increases proton relaxation, and thus
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decreases T1 relaxation time [22, 42]. Therefore, in con-
trast to the native T1 relaxation time, in case of myocardial
fibrosis, the post-contrast T1 values will be lower. Native
and post-contrast T1 mapping can determine an increase in
ECM volume that is not detectable by LGE, reflecting thus
the burden of interstitial fibrosis in HCM [22, 42]. Current
studies have applied T1 mapping in HCM patients showing
promising data about the significance of interstitial fibrosis
in disease evolution and potentially prognosis [43, 44].

Even though CMR may be considered the “gold stand-
ard” for fibrosis detection and evaluation in HCM, there
are still some major limitations that should be taken into
consideration. Firstly, gadolinium has been associated with
the development of contrast-induced nephropathy (nephro-
genic systemic fibrosis (NSF)) in patients with impaired
renal function (eGFR < 30 mL/min/1.73 mz) [32, 37, 45].
Secondly, attention should be paid on patients with cardiac
implantable electronic devices (CIEDs) as some changes in
the pacing rate or the function of the device during the CMR
acquisition have been documented [39]. Last but not least,
facts such as claustrophobia, financial cost, and access to
medical centers with expertise in CMR should be considered
[11,32].

All the aforementioned “flaws” of CMR make the devel-
opment and application of new imaging techniques, which
assess myocardial fibrosis, highly desirable [30].

Echocardiography for direct fibrosis
visualization

As opposed to CMR, echocardiography offers a significantly
more portable, affordable and easily accessible solution for
the study of cardiomyopathies, especially HCM. Despite this
fact, direct visualization of fibrotic regions in HCM as a part
of a tissue characterization process is still not completely
feasible.

During early stages of tissue characterization struggle,
integrated backscatter, which measures the ultrasonic reflec-
tivity of the region of interest, was a major focus of tissue
characterization research [46, 47]. Studies in small series
of 20 patients showed that backscatter was correlated with
fibrosis, disarray, and myocyte diameter in HCM (albeit
correlated with RV endomyocardial biopsy findings) [48].
Another echocardiographic measure, based on backscatter
methodology, is the signal intensity coefficient (SIC) [49].
SIC is based on the fact that interactions between the ultra-
sound signal and myocardial tissue (e.g., absorption and
refraction) influence the grayscale signal intensity values
produced at the myocardial-pericardial interface, which
can yield measurable differences between diseased versus
healthy myocardium [49]. In a pilot study, Hiremath et al.
applied this method to quantify subclinical alterations in

LVM of HCM sarcomere mutation carriers (28 patients)
[49]. They concluded that among people who carry genetic
variants associated with HCM, the SIC values differ between
those with LV overt hypertrophy and those without [49].
Moreover, the SIC differentiated between phenotypically
silent mutation carriers and healthy controls [49]. Despite
these promising signs, integrated backscatter technique has
still major limitations such as the need for an intrinsic refer-
ence frame, the actual position of the sample volume, the
limited validated views, the effect of image setting, and the
presence of artifacts and other reflectors which significantly
harass the accuracy and reproducibility of the method [46,
50].

Accordingly, contrast echocardiography (either as two-
dimensional (2D) or three-dimensional (3D) imaging) has
been applied to detect fibrosis in HCM. More specifically, an
increased capture of ultrasound contrast agent in regions of
replacement fibrosis similar to the ones depicted by CMR-
LGE have been described in the literature [51], whereas a
pulse cancellation ultrasound technique (scar imaging echo-
cardiography with ultrasound multipulse scheme (eSCAR))
was found promising to differentiate normal from scarred
myocardium among coronary artery disease patients [52].
The application of the last method in HCM patients, how-
ever, may be very challenging since replacement fibrosis
patterns are heterogenous, spotty, and small as opposed to
clearly delineated scar corresponding to a coronary territory.
Additionally, existence of replacement fibrosis at the basal
RV insertion sites may pose further difficulties in visualiza-
tion and in discrimination of fibrotic areas from the mem-
branous septum and surrounding nonmuscular structures,
making thus this method nonproposed for HCM fibrosis
assessment unless a dedicated study provides opposite clues.

Although tissue characterization is already (partially) per-
formed using echocardiography, the greatest contribution
of echo towards the study of underlying HCM histology is
through assessment of myocardial function [53]. Nowadays,
more advanced echocardiography methods provide detailed
information on the function of the underlying tissue, which
could be used in both translational and clinical research, and
ultimately translated to clinical practice. Advanced deforma-
tion-strain imaging is the technique presenting the most data
on this field, evaluating the impact of underlying pathology
on tissue function [46].

Basic principles of strain imaging

Strain is the fractional change in length of a myocardial seg-
ment relative to its baseline length, and it is expressed as a
percentage [2, 54]. Strain rate is the temporal derivative of
strain providing data on the time at which the deformation
occurs [2, 54]. In order to provide a detailed description
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of the deformation of a myocardial segment, three normal
and six shear strain components are required [54]. The nor-
mal strains, which are normally used in clinical practice,
are oriented along the three axes-directions (x, y, z) of the
heart (longitudinal strain (LS), circumferential strain (CS),
radial strain (RS)) (Fig. 4) [54]. Lengthening or thinning of
the myocardium are represented by positive strain values,
whereas shortening or thickening by negative ones [54].

Tissue Doppler echocardiography was the first echocar-
diographic approach to myocardial deformation, offering
high temporal resolution, being however highly depend-
ent on angle of acquisition [2, 54, 55]. The introduction
of speckle tracking deformation imaging (STE) overcame
inherent limitations of tissue Doppler and allowed evalua-
tion of whole LV systolic function through “global strain”
[54]. In the longitudinal direction, global longitudinal strain
(GLS), as an average of the three apical views, reflects the
deformation of the whole LV (Fig. 4) [54] and it can be
used as an alternative parameter to ejection fraction (EF)
[54]. GLS offers additional information compared to EF,
while in hypertrophic hearts, GLS may be earlier impaired
compared to EF, providing an early sign of LV systolic dys-
function [54, 56]. Combination of the diagnostic information
offered both by EF and GLS in a single index (EFSR ratio)
can be used for discrimination of hypertrophic pathology
[56]; however, a detailed approach of this ratio is beyond
the scope of this review.

As mentioned before, STE allows the objective quantifi-
cation of global and regional myocardial function [57]. The
major advantages of this technique are the multidirectional

Fig.4 Basic deformation
parameters used in everyday
clinical practice. EDV end-dias-
tolic volume, ESV end-systolic
volume, MVC mitral valve
closure indicating beginning of
cardiac cycle, AVC aortic valve
closure indicating peak systolic
strain, GLS global longitudinal
strain, GCS global circumfer-
ential strain, GRS global radial
strain. Right panels present a
typical example of longitudinal
strain assessment resulting in
bull’s eye (bottom) including
all regional longitudinal strain
values
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tracking ability with angle independency, large availability,
high feasibility, fast and user-friendly (semi-) automated
post-processing [54, 57]. It is important to mention that
this method has been validated against sonomicrometry
and CMR and among all deformation parameters GLS is
qualified as a parameter of LV systolic function with the best
clinical reliability and reproducibility [54].

However, there are still some facts regarding STE which
should not be overlooked. In contrast to GLS, the quantifica-
tion of segmental LV strains has a higher degree of measure-
ment variability among different vendors [57, 58]. Except
the inter-vendor bias, the fidelity of different software varies
considerably [58]. This implies that the comparison of quan-
titative data obtained with different post-processing software
should be made with caution in clinical practice. Segmental
strain pattern analysis may potentially be a more objective
alternative [54, 57].

Despite the fact that there are some pitfalls as mentioned
above, further standardization and pre-release testing, poten-
tially including hardware or software phantoms, will provide
a more solid basis for wide spread use of this technique [54,
57].

2D-STE: role in myocardial fibrosis
assessment
Nowadays, echocardiographic deformation imaging plays an

important role in clinical assessment of myocardial fibro-
sis in HCM, contributing to tissue characterization of this
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disease [53]. Previous studies applying STE strain analysis
for fibrosis detection validated their results against CMR-
LGE or histologic specimens. In the majority of the studies
performed, longitudinal deformation (either GLS or SLS)
has been almost exclusively used to be correlated with CMR
or histologic findings, showing great reliability and repro-
ducibility (Table 1) [28, 59-67].

Popovic et al., analyzed the impact of myocardial fibrosis
on segmental LV function in patients with HCM, assessed
by strain parameters derived from 2D speckle tracking echo-
cardiography (2D-STE) (myocardial fibrosis was previously
detected by LGE-CMR) [62]. Authors report that the amount
of fibrosis significantly correlated with global end-systolic
longitudinal strain, while a correlation was also established
in the regional level (r = 0.24, P < 0.0001) [62]. Addition-
ally, the presence of fibrotic lesions and end-diastole wall
thickness were both independent predictors for presence of
lower regional LS in a multivariate regression analysis [62].

Another study indicated that in HCM patients, regional
peak—LS was notably lower in fibrotic than nonfibrotic LV
myocardial segments (myocardial fibrosis was previously
detected by computed tomography) [2]. Consequently,
Yajima et al. reported that regional peak-LS assessed by
2D-STE may be a useful noninvasive tool to distinguish
fibrotic from nonfibrotic lesions in HCM [2].

In the same direction is also the paper by Chang et al.
[62]. SLS was significantly decreased in the segments with
LGE compared to those without LGE (— 12.4 + 5.6% vs
— 18.3 £ 6.53%, P < 0.001) [63]. Regarding GLS (global
longitudinal strain), the study revealed that total LGE vol-
ume and LV mass index were independent determinants of
GLS on multivariate analysis [63]. To conclude, authors
reported that increase in segmental fibrosis and thickness
was related to decreased segmental longitudinal function,
whereas increase in global fibrosis burden was associated
with decrease in global longitudinal function independently
of myocardial mass [63].

Wiedemann et al. demonstrated that a distinct pattern
(called “double peak sign™) of the strain rate curve allows
for reproducible and accurate qualitative assessment of the
presence of myocardial fibrosis [64]. “Double peak sign”
is characterized by a first peak in early systole followed by
a fall in strain rate close to zero and a second peak during
isovolumic relaxation [64]. Second strain rate peak should
be at least 50% in magnitude compared with the first peak
in order to be differentiated from the physiological induced
post-systolic deformation after aortic valve closure [64].

Another pilot study which is worth mentioning was con-
ducted by Galli E et al. [65]. Specifically, they estimated the
myocardial work by pressure strain loops (PSLs) [65]. The PSLs
analysis showed that global constructive work (GCW) is reduced
in HCM despite normal LVEF and is associated with LV
fibrosis as assessed by LGE [65].

Despite the fact that late gadolinium-enhanced cardiac
magnetic resonance (LGE-CMR) has emerged as the ref-
erence noninvasive method for visualizing and quantifying
myocardial fibrosis in patients with HCM [27, 30], Almaas
et al. demonstrated some really interesting results, although
conclusions reached by this study may be limited due to
study’s small size and nonadjusted analysis [66]. Authors
report that reduced longitudinal septal strain correlated bet-
ter with interstitial and total fibrosis in myectomy specimens
compared to LGE, whereas a reduction in longitudinal septal
strain was indicated to play a role in arrythmiogenesis being
related also to myocardial disarray [66].

Lastly, Haland et al. came to the conclusion that mechani-
cal dispersion (heterogeneous myocardial contraction) was
an independent predictor of arrhythmic events (ventricular
arrhythmias) and was correlated with the amount of fibrosis,
even though GLS was only borderline related to VAs and
the presence of fibrosis [67]. It is critical to underline that
reduced LS and increased mechanical dispersion may not be
explained by the presence of fibrosis alone but may reflect
the whole pathophysiological status of HCM (hypertrophy,
myocardial disarray, macro- and microvascular ischemia,
intraventricular obstruction) [67]. The fact that an impaired
SLS reflects not only fibrosis but also hypertrophy, and pos-
sibly the underlying microvascular dysfunction, has also
been evidenced by another study previously conducted by
authors [53].

Taking into consideration all previous studies [28,
59-67], strain by STE has the ability to detect reduced myo-
cardial function in HCM patients despite normal LVEF [54,
57, 66], and LS assessment may be useful to distinguish
fibrotic from non-fibrotic lesions [2, 63, 64]. Moreover,
reduced LS in HCM patients may not be solely explained by
the presence of myocardial fibrosis, but hypertrophy, disar-
ray, and macro-/microvascular ischemia seem to play a role
[53, 67]. Reduced LS may also be a marker of arrhythmic
events and occurrence of SCD or appropriate ICD shock [16,
67]; however, further evidence is needed before LS is used
to improve risk stratification of HCM patients for malignant
VAs and SCD [16, 67].

From 2D to 3D speckle tracking
echocardiography

The recently developed 3D speckle tracking echocardiog-
raphy (3D-STE) seems to be a promising method to over-
come the limitations of 2D-STE [68, 69]. It is important to
mention that the left ventricular myofibers have a complex
arrangement and contract at the same time in different direc-
tions [70]. The spatial orientation of muscle fibers changes
from a left-handed helix in the subepicardium to a right-
handed helix in the subendocardium [71]. This shows that
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Table 1 Main publications assessing the value of deformation indi-
ces to detect fibrotic regions in hypertrophic cardiomyopathy (HCM)
patients as these are evidenced by late gadolinium-enhanced (LGE)

cardiovascular magnetic resonance (CMR) imaging, computed
tomography or histologic specimens

Publication Year

HCM patients (n)

Age (years) Male (n) Parameters tested—results

Yajima R et al. [2] 2012

Maragiannis D et al. [27] 2017

Pagourelias E et al. [52] 2018

Funabashi N et al. [58] 2018

Funabashi N et al. [59] 2018

Saito M et al. [60] 2012

Popovic ZB et al. [61] 2008

Chang SA et al. [62] 2012

Weidemann F et al. [64] 2007

Galli E et al. [65] 2019

10

45

50

18

17

48

16 fibrosis (-)
23 fibrosis (+)

40

10 (HCM)
10 (Aortic stenosis)
10 (Fabry)

81

63.4

60 + 16

58+17

56 + 16

63+ 14

44 + 16
42+ 14

527+ 122

43+ 17
73+5
48 +8

58+13

8

32

40

14

13

34

(o]

54

Regional SLS and SRS absolute values were significantly lower
in both fibrotic and non-fibrotic lesions in HCM subjects than
in controls at basal, mid, apical levels. While SLS (%) absolute
values were significantly lower in fibrotic than non-fibrotic
lesions at basal, mid and apical levels (all p < 0.05), regional
SRS absolute values were significantly lower only at mid lev-
els. SLS was a more sensitive indicator than the corresponding
rate, with better reproducibility

HCM patients had increased native T1 relaxation time and ECV
vs. controls (ECV controls 24.7 (23.2-26.4) vs. HCM 26.8
(24.6-31.3)%, p = 0.014). Both parameters were significantly
associated with circumferential strain and diastolic strain rate

Following regional analysis, a thickened segment present-
ing SLS>_15.83% had a 2.17 (standard error 0.21, 95% CI
1.75-2.59; p < 0.0005) greater probability of having underly-
ing LGE/fibrosis compared with a segment presenting none of
these characteristics

Fibrotic endocardial lesions vs non-fibrotic on CMR—endocar-
dial SLS 11.7 + 6.8% vs 15.0 + 8.6%, p = 0.004

ROC curve analysis: best cutoff point = 13.5%, AUC = 0.603
(p =0.008)

Fibrotic epicardial lesions vs nonfibrotic on MRI—epicardial
SLS 6.8 +4.5% vs 10.6 = 6.3%, p < 0.001

ROC curve analysis: best cutoff point = 9.5%, AUC = 0.684
(p <0.001)

Whole-layer myocardium fibrotic lesions vs nonfibrotic
on MRI—midmyocardial SLS 8.7 + 4.9% vs 12.5 + 6.7,
p < 0.001, ROC curve analysis: best cutoff point = 12.5%,
AUC =0.674 (p < 0.001)

SLS: fibrotic lesions vs non-fibrotic lesions on LGE-
CMR—38.7 + 5.0% vs 12.3 + 6.4%, p < 0.001

GLS: LGE (+) vs LGE (-) patients—— 11.8 + 2.8% vs
- 150+ 1.7%, p < 0.001

GLS was an independent predictor of %LGE (standard coef-
ficient = 0.627, p < 0.001)

SLS: LGE (+) segments vs LGE (—) segments—— 7.3 + 3.8%
vs — 14.1 + 5.4%, p < 0.001

GLS correlated with the number of fibrotic segments (r = 0.47,
p = 0.002) and total myocardial fibrosis percentage (r = 0.47,
p =0.002)

SLS: LGE (+) segments LGE (—) segments—— 12.4 + 5.6% vs
—18.5 £ 6.53%, p < 0.001

Multivariate analysis: LGE volume (mL) associated with GLS
(R square of model = 0.36, standardized coefficient (b) = 0.33,
p =0.013, 95% confidence interval 0.013-0.174, Dubin-Wat-
son statistics = 2.00)

SLS rate: LGE (+) segments vs LGE (—) seg-
ments—— 0.7 +02s ' vs —0.9+ 025!, p <0.05
Double peak sign: Sn = 99%, Sp = 93%, PPV = 92%,
NPV =99%
GCW: HCM vs control group—1599 + 423 vs
2248 + 249 mmHg%, p < 0.001
GCW predicting LGE: cutoff value of 1623 mmHg% (AUC
0.80, 95% CI 0.66-0.93, p < 0.0001)
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Table 1 (continued)

Age (years) Male (n) Parameters tested—results

Publication Year HCM patients (n)
Almaas VM et al. [66] 2014 32 60 + 10 16
Haland TF et al. [67] 2016 150 54 + 14 91

Septal SLS: correlated with total (r = 0.50, p = 0.01) and inter-
stitial (r = 0.40, p = 0.03) fibrosis on myectomy specimens.
Septal LS: VAs (+) vs VAs (—=)—— 12 £ 4% vs — 16 + 3%,
p=0.01

GLS: HCM vs healthy individuals—— 15.7 + 3.6% vs
-21.1+1.9%, p < 0.001)

Mechanical dispersion: HCM vs healthy individuals—64 + 22
vs 36 + 13 ms, p < 0.001)

GLS: VAs (+) vs VAs (=) —— 14.1 £ 3.6% vs — 16.3 + 3.4%,
p <0.01)

Mechanical dispersion: VAs (+) vs VAs (—)—79 + 27 vs
59 + 16 ms, p < 0.001

correlated with %LGE (R = 0.52, p < 0.001)

independently associated with VAs (OR 1.6, 95% CI 1.1-2.3,
p=0.02)

SLS segmental longitudinal strain, SRS segmental radial strain, ECV extracellular volume, ROC receiver operating characteristics curve, AUC
area under the curve, GLS global longitudinal strain, Sp specificity, Sn sensitivity, PPV positive predictive value, NPV negative predictive value,

GCW global constructive work, VAs ventricular arrhythmias

LV mechanics and contraction are a 3D phenomenon and a
3D imaging method is required for its accurate assessment
[70].

3D strain overcomes inherent limitations of 2D imag-
ing including foreshortening of apical views and time-con-
suming calculations of strain parameters based on spatially
and temporally different views and out-of-plane motion
[70, 72—74]. Another interesting fact about 3D-STE is that
analysis of data derived from this method may provide char-
acteristic echocardiographic patterns for various conditions,
playing an important role in differential diagnosis of phe-
nocopies (discriminating for example athlete’s heart from
HCM or HCM vs amyloidosis) [70, 75]. These profound
advantages, however, come at a cost of a lower temporal and
spatial resolution which might significantly affect the quality
of 3D deformation estimates [76, 77]. Indeed, according to
a previous study performed by our group, 3D longitudinal
and circumferential absolute strain values are significantly
lower compared to 2D ones, while there is a very low cor-
relation and consistency between values obtained by the two
modalities [78]. This inconsistency may be attributed both to
strain-thickness interactions in HCM as well as to smoothing
and calculating assumptions of the 3D software applied [78].

Regarding, the significance of 3D-STE in detecting
underlying fibrosis in HCM limited data exist. In a study
by Spartera et al., 3DGLS showed a modest correlation
(r = 0.465) with fibrosis burden as this was approached by
LGE CMR (> 10% myocardial mass) in a mixed patient
population including also 8 HCM patients [79]. According
to the authors, 3DGLS presented a low positive but a very
high negative predictive value for fibrosis detection; how-
ever, when it came to segmental correlations between SLS
and fibrosis, accuracy decreased [79]. Previous studies have

also suggested that 3D segmental area strain (SAS) may be
a potentially valuable parameter for the detection of fibro-
sis [3]. In a previous study by our group, 3D SLS, SAS,
and radial strain showed a similar diagnostic ability which,
besides that, was significantly lower compared to 2D SLS in
a cohort of 40 HCM patients [78]. The observed superiority
of 2D strain parameters may not necessarily reflect the true
potential of 3D deformation parameters as the current data
quality and available algorithms are limiting factors [78].

In the future, 3D-STE may contribute more to global and
regional myocardial function evaluation, as well as to tissue
characterization in various pathologic substrates and HCM
(Fig. 5) [77]. Software improvements, including spatial and
temporal resolution optimization, along with decrease of
intervendor bias are crucial steps towards this direction [78,
80].

Promising techniques and future directions

Myocardial stiffness (MS) is known to have an important
diagnostic and prognostic value in diastolic left ventricular
function [81]. MS seems to have a physiological variation
with age but is also affected by pathological alterations of
cellular tissue and extracellular compartment [81]. So far, the
clinical assessment of MS and the diastolic function is chal-
lenging [81]. Villemain et al. investigated the potential role
of shear wave imaging (SWI), in their attempt to quantify
noninvasively the diastolic MS. SWI is an ultrasound-based
technique which has been already used in the field of breast
lesions and liver imaging and offers quantitative, local, and
noninvasive characterization of soft tissue’s stiffness [81].
Firstly, the authors aimed to measure MS with SWI in a
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Fig.5 Late gadolinium-enhanced (LGE) cardiovascular magnetic
resonance images (upper panels) and longitudinal strain bull’s eyes
(lower panels) calculated by means of two-dimensional (2D) and
three-dimensional (3D) deformation imaging. Evident is the cor-

population of healthy adult volunteers and to clarify the
dependence of MS values with age, and then compared it to
significantly altered MS in 20 HCM patients with HFpEF
(heart failure with preserved ejection fraction). As a result,
MS was higher in HCM patients with HFpEF than in healthy
volunteers and positive correlation was found between MS
and fibrosis markers in LGE-CMR [81]. In another study,
naturally occurring myocardial shear waves (produced after
mechanical excitation of the myocardium, for example after
mitral valve closure) have also been applied to assess MS
both in normal volunteers and amyloidosis patients, showing
promising results [82]. In the future, myocardial SWI might
have a key role in clinical assessment of diastolic stiffness
and fibrosis burden [81, 82].

Finally, molecular imaging has a lot of potentials and it
can be combined with different imaging modalities to detect
specific histologic findings including fibrosis [83]. Even
though molecular echocardiography, based on fibrosis-spe-
cific binding molecules detected by the application of con-
trast echo techniques, is still in a bench level [83], nuclear
medicine has significantly evolved toward fibrosis detection.
Positron emission tomography imaging performed by using
150-1abelled water (H, 150) and carbon monoxide (C'°0)
allowed the noninvasive quantification of both myocardial
perfusion and fibrosis [83, 84]. Myocardial fibrosis can be
indirectly assessed through calculation of the perfusable tis-
sue index (PTI), separating perfusable and nonperfusable
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relation between fibrosis position indicated by LGE (arrows) and
the functional impairment as highlighted by 2D and 3D longitudinal
strain (blue areas show greater impairment)

tissues. A reduction in PTI serves as an estimate of fibrosis
in a chronic MI model and in human dilated cardiomyopa-
thy [83, 85]. In addition, combining PET and MRI has the
potential for sensitive and quantitative imaging of cardio-
vascular anatomy and function with detection of molecular
events at the same time [83, 86]. A fused PET-MRI image
allows the simultaneous detection of myocardial global and
regional function, extracellular volume, and tissue perfusion
and metabolism [87].

Conclusions

Fibrosis is a significant histologic characteristic of HCM
pathology linked to diagnosis and prognosis of the disease.
Both evolution towards burnt-out phenotype and SCD are
triggered by the severity and extent of underlying fibrosis,
either replacement or interstitial. Apart from LGE-CMR
and newer sequences applied to detect fibrosis in the hyper-
trophic myocardium, several other echocardiography-based
techniques are available today for substrate characterization.
Among them, deformation imaging, especially longitudinal
strain assessment, may offer functional information beyond
the impact of fibrosis burden. It is essential to understand
that the role of various imaging modalities is not competitive
but complementary, since the information provided by each
one is necessary to illuminate the complex pathophysiologic
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pathways of HCM, offering a personalized approach and
treatment in every patient. Hybrid imaging [88], combining
information from different modalities, should allow for the
maximization of the performance and advantages of imag-
ing tests, and its application in everyday medical practice is
a one-way solution to the assessment of cardiomyopathies
and HCM in the future.
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