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REVIEW

Cardiac MR Imaging of Hypertrophic Cardiomyopathy:
Techniques, Findings, and Clinical Relevance

Yasuo Amano!’, Mitsunobu Kitamura?, Hitoshi Takano?, Fumi Yanagisawa'?,
Masaki Tachi?, Yasuyuki Suzuki?, Shinichiro Kumita®, and Morimasa Takayama®

Hypertrophic cardiomyopathy (HCM) is a relatively common myocardial genetic disease having a wide
variety of symptoms and prognoses. The most serious complications of HCM are sudden cardiac death
induced by ventricular arrhythmia or inappropriate changes in blood pressure, and heart failure. Cardiac
MR imaging is a valuable imaging method for detecting HCM because of its accurate measurement of wall
thickness and myocardial mass without limited view and the unique ability of late gadolinium enhancement
(LGE) to identify myocardial fibrosis related to the prognosis of HCM. Tagging and T, or T, mapping MR
imaging techniques have emerged as quantitative methods for the evaluation of disease severity. In this
review, we introduce the MR imaging techniques applied to HCM and demonstrate the typical phenotypes
and some morphological characteristics of HCM. In addition, we discuss the clinical relevance of MR
imaging for risk stratification and management of HCM.

Keywords: hypertrophic cardiomyopathy, cardiac magnetic resonance imaging, steady-state free precession, late gad-

Published Online: January 18, 2018

olinium enhancement

Introduction

Hypertrophic cardiomyopathy (HCM) is a relatively com-
mon myocardial genetic disease, affecting approximately
0.2-0.5% of the general population.' > Hypertrophic cardio-
myopathy presents a wide variety of symptoms and prog-
noses, ranging from no symptoms and normal life expectancy
to the presence of ventricular arrhythmia, sudden cardiac
death (SCD), or heart failure (HF).*°Accordingly, systemic
reviews and guidelines have been reported for the appro-
priate management of patients with HCM.*7-8

Hypertrophic cardiomyopathy is caused by the muta-
tions of autosomal dominant transmitted genes encoding the
cardiac sarcomere, including cardiac f-myosin heavy chain,
cardiac myosin binding protein C, and troponin T, while the
identification and diagnosis of this disease are largely based
on clinical imaging findings, including asymmetrical myo-
cardial hypertrophy of the left ventricle (LVH) without any
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underlying diseases leading to LVH.*”8 Echocardiography
is used to observe HCM because of its easy accessibility,
capability to measure the gradient across the left ventricular
outflow tract (LVOT) at rest and under provocative maneu-
vers, capability to assess valvular dysfunction, and because
there are no contraindications for any patient. Nonetheless,
the use of cardiac MR imaging is strongly recommended
when making a diagnosis and evaluating the severity of
HCM because it has advantage over echocardiography:
accurate measurement of wall thickness and myocardial
mass using cine steady-state free precession (SSFP) MR
imaging, detailed observation of cardiac structures without
limited view, and the unique and important capability of late
gadolinium enhancement (LGE) MR imaging to identify
myocardial fibrosis related to the prognosis of HCM.%>%-!1
In addition, T,-weighted imaging shows myocardial edema
or inflammation related to chest pain or syncope associated
with HCM.!213 Cardiac MR imaging is also valuable for
differentiating between HCM and other myocardial dis-
eases showing LVH.'*!’ There are some reports describing
the usefulness of tagging, perfusion, or T, or T, mapping as
quantitative MR imaging methods for the evaluation of dis-
ease severity.!!” Thus, the combination of genetic tests and
cardiac MR imaging can give us a new perspective on the
frequency, management, and prognosis of HCM.?

In this review, we introduce the MR imaging sequences
applied to HCM and demonstrate typical phenotypes of
HCM as well as some non-hypertrophied characteristics
associated with HCM. We also discuss the clinical relevance
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of cardiac MR imaging for risk stratification of HCM, and
follow-up or therapeutic management of HCM.

Cardiac MR imaging techniques applied to HCM
SSFP

Cine SSFP MR imaging is used for morphological assessment
of HCM and cardiac function measurement because of the
high contrast between the myocardium and blood and high
temporal resolution.?’ Steady-state free precession is able to
define all phenotypes of HCM because of its no limited view
(Figs. 1a, 2a, 3, 4a, 5a). Apical hypertrophic cardiomyopathy
(APH) or localized myocardial hypertrophy (e.g., inferior
septum or lateral wall), which can be missed by echocardiog-
raphy, is easily identified with SSFP (Figs. 5a, 6).%!° Cine
SSFP shows not only the wall motion but also the turbulence
jet across the LVOT in patients with asymmetrical septal
hypertrophy (ASH) HCM (Fig. 3). This MR imaging finding
may be related to LVOT obstruction associated with HCM.
Using retrospective gating, cine SSFP quantifies the myocar-
dial thickness and mass accurately, which are related to the
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prognosis of HCM.2!">* It is unknown whether a maximum
wall thickness >30 mm is a risk factor for SCD when using
cardiac MR imaging because the difference in the measured
maximum wall thickness can be 5 mm or more between echo-
cardiography and MR imaging.?* The combination of a new
threshold of the maximum wall thickness on cine SSFP and
information about other risk factors may be valuable for the
risk stratification of SCD associated with HCM (Fig. 7). Cine
SSFP sometimes shows non-hypertrophied or thin myocardial
regions, such as basal crypt, in HCM (Figs. 4a, 8, 9).%

LGE

Late gadolinium enhancement is the most valuable MR
imaging sequence for HCM, because it identifies myocardial
replacement fibrosis or scarring that contributes to risk strati-
fication for HCM (Figs. 4b, 7b).7-1926-28 Late gadolinium
enhancement is significantly related to ventricular tachyar-
rhythmia and SCD associated with HCM (Figs. 4b, 5b, 7).7:!!
Late gadolinium enhancement is also useful for differenti-
ating HCM from other cardiomyopathies with similar

Fig. 1 Typical MR images of
asymmetrical septal hyper-
trophy (ASH) hypertrophic
cardiomyopathy (HCM). (a)
Steady-state free precession
(SSFP) shows hypertrophied
anterior and anterior septal
myocardium at the basal level
(arrow). (b) Late gadolinium
enhancement (LGE) is iden-
tified in the hypertrophied
anterior septal myocardium,
the insertion point of the left
and right ventricles (arrow).
Myocardial hypertrophy is
found in a spiral distribution
from the basal anterior sep-
tum (a, arrow), through the
middle septum at the midven-
tricular level (c, arrow) to the
inferior region at the apical
level (d, arrow).
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Fig. 3 Cine steady-state free precession (SSFP) shows not only the
high septal myocardial hypertrophy (arrowhead) but also the turbu-
lence jet across the left ventricular outflow tract (arrow).

symptoms and LVH.'*!> The myocardial scarring shown by
LGE usually locates at the insertion point of the left and right
ventricles or the most hypertrophied myocardial regions
(Figs. 1b, 2b, 5b), while endomyocardial LGE is observed in
cardiac amyloidosis, inferior lateral patchy LGE is observed
in Anderson-Fabry disease, and linear or patchy LGE is iden-
tified at the septal or inferior wall in hypertensive cardiomyo-
pathy or aortic stenosis. 413230

T,-weighted imaging

T,-weighted imaging in combination with double inversion-
recovery black blood preparation shows myocardial edema or
inflammation associated with HCM, which may be related to
chest pain, syncope, or increase in troponin T.!>!3!731 Myocar-
dial hyperintensity on the T,-weighted image often locates
within LGE areas (Fig. 10), but can locate outside LGE."?
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Fig. 2 (a) Reverse curve type of hyp-
ertrophic cardiomyopathy (HCM)
is demonstrated. (b) Late gadolin-
ium enhancement (LGE) is iden-
tified in the most hypertrophied
myocardium (arrows).

Cine phase contrast

Cine phase contrast MR imaging can be used to quantify the
blood flow passing through the LVOT. The LVOT gradient,
which reflects the severity of LVOT obstruction induced by
HCM, can be estimated using this imaging technique and
Bernoulli’s principle. Nonetheless, phase contrast imaging is
not often used in the clinical setting because of its lengthy scan
time, difficulty in setting an appropriate velocity encoding in
cases of obstructive HCM, and the need for post-processing.

Tagging

Tagging MR imaging is useful for evaluating the myocardial
wall motion and strain quantitatively. This technique shows
regional strain abnormalities even in the non-hypertrophied
myocardium of HCM, and it can be improved after the inter-
ventional procedure on the hypertrophied myocardium close
to the LVOT."® The hypertrophied myocardial region with
LGE tends to show decreased wall motion on tagging,*
while the disconcordance between LGE and decreased cir-
cumferential strain is observed using 3D tagging.’ It is
unknown whether the tagging has considerable advantages
over cine SSFP and LGE MR imaging for identification of
early-stage HCM and for risk stratification.

Perfusion

Perfusion MR imaging provides information about blood
flow and myocardial circulation with high spatial and tem-
poral resolution. Perfusion MR imaging is usually per-
formed at rest in patients with HCM because the stress test
can provoke a LVOT obstruction or sudden changes in
blood pressure, which can lead to serious symptoms. Pre-
vious studies using perfusion MR imaging inpatients at rest
show the close relationship between perfusion decrease and
wall thickness, LGE, or hyperintensity on T,-weighted
images.*>3* Therefore, the merits of perfusion MR imaging
over LGE and T,-weighted imaging, which are performed
more easily and which cover the whole heart, have not been
validated in HCM.
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Fig. 6 Steady-state free precession (SSFP) is able to show the local-
ized hypertrophy of the inferior septal myocardium because of its
no limited view (arrow).

T, and T, mapping

T, and T, mapping MR imaging techniques are able to iden-
tify myocardial injuries associated with HCM without
gadolinium-based contrast agents. The native T, values of
the myocardium are increased not only in the regions showing
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Fig. 4 (a) Midventricular hypertro-
phy (arrowhead) associated with an
apical aneurysm (arrow) is identi-
fied with steady-state free preces-
sion (SSFP). (b) Apical aneurysm
associated with midventricular
obstruction (MVO) is enhanced
strongly (arrow), and the patient
showed ventricular tachycardia.

Fig. 5 (a) Apical hypertrophic
cardiomyopathy (APH) is iden-
tified with steady-state free pre-
cession (SSFP). (b) Apical myo-
cardium is enhanced extensively
(arrows), and the patient showed
ventricular tachycardia.

LGE but also in those without LGE in HCM (Fig. 11).1%3
Therefore, T, mapping without contrast may identify myo-
cardial scarring as well as interstitial fibrosis in HCM. T,
mapping before and after gadolinium injection provides
information about the extracellular volume fraction, which
differs between HCM and the myocardial hypertrophy of
athletes, and which is positively correlated with the maximum
wall thickness in HCM.® On the other hand, a previous study
has indicated the closer relation of LGE to morphological
and functional abnormalities in HCM compared with indica-
tions from the ratio of myocardial T, to blood T, values.** T,
mapping is useful for confirming the presence of myocardial
hyperintensity on T,-weighted images.!” Nonetheless, the
clinical relevance of T, and T, mapping for risk stratification
of HCM has not been confirmed so far.

Cardiac MR imaging findings of HCM

Basal asymmetrical septal hypertrophy

Basal ASH is the most common phenotype of HCM, at
60—70% of HCM cases. The basal anterior septal thickness is
> 15 mm at end-diastole and the ratio of septal to inferolateral
wall thickness is > 1.3, which can be measured using SSFP. In
addition, the MR imaging is able to detect asymmetrical
hypertrophy with a spiral configuration: basal anterior septal
hypertrophy to apical inferior hypertrophy (Fig. la, c, d).
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Fig. 9 Apical pouching (i.e., focal thinning) is identified with
steady-state free precession (SSFP) (arrow).

In ASH, LGE is usually identified at the hypertrophied inser-
tion points of the interventricular septum (Fig. 1b). The
reverse-type ASH shows marked hypertrophy of the basal and
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Fig. 7 A case of sudden
cardiac death and fam-
ily history of hypertro-
phic cardiomyopathy
(HCM). (a) The maxi-
mum wall thickness is
28 mm. (b) Late gad-
olinium enhancement
(LGE) is observed in
the hypertrophied an-
terior septal myocar-
dium (arrow).

Fig. 8 (a). Basal crypt is
found at the basal infe-
rior region in end-dias-
tole (arrow). (b) At the
end-systole, the crypt is
not identified.

midventricular septum protruding the left ventricular cavity
and accompanies the frequent genetic mutations and LGE
(Fig. 2).*” This ASH phenotype may be frequently related to
serious ventricular arrhythmia. The localized hypertrophy of
the high septum (i.e., sigmoid septum) or the inferior septum
are other types of ASH (Figs. 3, 6). High septal ASH is the
good indication for LVOT gradient reduction therapy such as
myectomy and alcohol septal ablation (ASA).

Midventricular obstruction HCM

Midventricular obstruction (MVO) HCM is known to have a
poor prognosis because of massive hypertrophy of the mid-
ventricular myocardium and associated apical aneurysm.3%3°
Echocardiography can detect and quantify the turbulence or
jet flow at the midventricular level in systole. Cine SSFP is
also valuable for identifying the jet flow and midventricular
hypertrophy in MVO HCM (Fig. 4a). In addition, LGE MR
imaging shows where an apical aneurysm has been replaced
by scar tissues, which is significantly related to adverse car-
diac events (Fig. 4b).*® Apical thrombus, which can lead to
cerebral infarction, is sometimes associated with an apical
aneurysm in patients with MVO HCM (Fig. 12). Therefore,

Magnetic Resonance in Medical Sciences




MVO HCM should be investigated carefully using cardiac
MR imaging, and implantable cardioverter defibrillator or
antithrombotic treatment should be performed based on the
clinical and imaging findings.

Apical HCM

Apical hypertrophic cardiomyopathy is characteristic of
localized hypertrophy of the apical myocardium and spade-
like deformity of the left ventricular cavity (Fig. 5a). It is
well known that the APH shows a giant T wave on electro-
cardiogram and is more frequent in the Japanese population
than in Western populations.*® Cardiac MR imaging identi-
fies this phenotype of HCM more commonly than does
echocardiography because of its no limited view.'® Apical
hypertrophic cardiomyopathy is reported to have a better
prognosis than other types of HCM. However, one-third of
patients with APH present with ventricular tachyarrhythmia
and have a worse outcome.*! A previous study has indicated
that extensive LGE is related to ventricular tachyarrhythmia
even in cases of APH.*?
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Fig. 10 T,-weighted imag-
ing shows hyperintensity
(a, arrows) of the hypertro-
phied midventricular and
apical myocardium, which
is consistent with late gado-
linium enhancement (LGE)
(b, arrows).

Fig.11 Non-contrast-enhanced
T, mapping (a) identifies a
region with prolonged native
T, (arrow, 1370 ms), which is
consistent with late gadolin-
ium enhancement (LGE) in
a patient with hypertrophic
cardiomyopathy (HCM) (b,
arrow). The native T, of 1243
ms at the myocardium with-
out LGE is higher than the
normal myocardium of 1209
ms in a healthy volunteer at a
3T unit.

Fig. 12 Apical aneurysm showing late gadolinium enhancement
(LGE) (arrows) and associated intraventricular thrombus (arrow-
head) is observed in midventricular obstruction (MVO) hypertro-
phic cardiomyopathy (HCM).
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Combined hypertrophy

It is not uncommon that several of the phenotypes noted
above are combined in HCM (Figs. 10, 13).#* SSFP is able to
detect multiple hypertrophied regions correctly because of its
high spatial resolution and no limited view (Fig. 13a). Late
gadolinium enhancement MR imaging indicates the domi-
nant phenotype by demonstrating myocardial scarring (i.e.,
the most damaged myocardium) in those patients with com-
bined hypertrophy (Figs. 10b, 13b).

Right ventricular hypertrophy

Right ventricular hypertrophy occurs in one-third of patients
with HCM (Fig. 14).>* Compared with echocardiography,
cardiac MR imaging accurately shows some types of right
ventricular hypertrophy, including hypertrophy of the septal
insertion point and the entire hypertrophy. Although a right
ventricular outflow obstruction may occur in association
with right ventricular myocardial hypertrophy, its clinical
significance remains unknown in HCM.

Papillary muscular abnormality

Papillary muscular abnormalities, including hypertrophied pap-
illary muscles, increase in the number of muscles, and
abnormal attachment of the muscles to the mitral valves or
interventricular septum, are often investigated in patients
with HCM (Figs. 15a, 16).% Late gadolinium enhance-
ment may be observed in hypertrophied papillary muscles
(Fig.15b). When hypertrophied papillary muscles induce a
LVOT obstruction and consequent clinical symptoms, ASA
is not effective, and surgical intervention, such as myectomy
combined with papillary muscle reorientation, should be
selected for the release of the obstruction.*’

Basal crypt and apical pouching

Basal crypt and apical pouching or local thinning are often
observed in patients with HCM (Figs. 8, 9).2544% The basal
crypt is considered one of the morphological signs of geno-
type positive/phenotype negative subjects.*® Cine SSFP can
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identify a basal crypt clearly in the basal inferior region
because of its high contrast, sufficient temporal resolution,
and wide range of view (Fig. 8). Apical pouching may be
enhanced, but its clinical significance remains unknown
because of the lack of clinical symptoms and no progression
(Fig. 17).

End-stage HCM

Hypertrophic cardiomyopathy usually shows normal or
supernormal systolic function of the left ventricle, possibly
representing a left ventricular ejection fraction > 75%. How-
ever, approximately 5-10% of patients with HCM show an
ejection fraction < 50%, which is called “end-stage”,
“dilated phase”, or “burn-out” HCM.*®3%3! End-stage
HCM has a poor prognosis in the 5 years at its initial diag-
nosis because of SCD and progressive and decompensated
HF.3! Cardiac MR imaging is able to measure the ejection
fraction accurately as well as identify extensive myocardial
scarring in end-stage HCM (Fig. 18). Extensive LGE,
reflecting myocardial scarring, leads to systolic dysfunction
in HCM. Cardiac MR imaging also demonstrates the coexist-
ence of myocardial hypertrophy and thinning in end-stage

Fig. 14 Right ventricular hypertrophy is identified in addition to
hypertrophy of the left ventricle (LVH) (arrows).

Fig. 13 (a) Steady-state free
precession (SSFP) shows
hypertrophied basal septal,
midventricular lateral, and
apical lateral myocardium
(arrows). (b) Late gadolin-
ium enhancement (LGE)
is found only in the lateral
and inferior myocardium at
the apical level (arrows).
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Fig. 16 An increase in papillary muscles is associated with hyper-
trophic cardiomyopathy (HCM) (arrows).

HCM (Fig. 18). In addition, an ejection fraction of 50-65%
indicates impairment of systolic function in patients with
HCM.?8 Therefore, close clinical and MR imaging follow-up
may be required in those HCM patients with an ejection frac-
tion <65%.8

Clinical Relevance of Cardiac MR Imaging

to HCM

Differential diagnosis

Myocardial hypertrophy is observed in some cardiomyopa-
thies including Anderson-Fabry disease, amyloidosis, hyper-
tensive cardiomyopathy, and aortic valvular diseases. Even
athlete’s LVH should be differentiated from HCM, because
SCD can occur in young athletes with HCM.>? Cardiac MR
imaging is valuable for differentiating between HCM and
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Fig. 15 Hypertrophied
papillary muscle (a, arrow)
shows late gadolinium
enhancement (LGE) (b,
arrow).

other myocardial diseases showing LVH because of its accu-
rate identification of the patterns of myocardial hypertrophy
and LGE.>!#152930 Although even athletes” LVH can show
LGE, the frequency of LGE and geometric indices acquired
by cardiac MR imaging differ between athletes and HCM
patients.>> In addition, basal crypt and apical pouching may
be suggestive of the diagnosis of HCM.?>4849

Risk stratification

The risk stratification for HCM, especially the risks for SCD,
is generally assessed based on the clinical and family history,
patient’s age, and electrocardiogram findings.*”# Cardiac
MR imaging is valuable because of its ability to measure
myocardial thickness accurately and identify myocardial
fibrosis noninvasively. Massive hypertrophy is considered as
the risk factor for SCD,*”?* and maximum wall thickness
and myocardial mass can be measured using cine SSFP
(Fig. 2a). Midventricular obstruction is the “high-risk” type
of HCM, especially when it is associated with apical aneu-
rysm, possibly leading to ventricular tachyarrhythmia or
systemic thrombosis (Figs. 4, 12).3%% Extensive LGE can
indicate risks for the ventricular tachyarrhythmia or systolic
impairment associated with HCM (Figs. 4b, 5b, 7,
18).7:11.2728,54-56 Because more than 60% patients show LGE,
myocardial LGE is not always associated with risks for
serious arrhythmia, SCD, or HF. Nonetheless, the assessment
of presence, extent, and progression of LGE should be evalu-
ated carefully for the risk stratification of HCM, because
LGE reflects replacement and interstitial myocardial fibrosis
and associated coronary artery dysplasia.!!-28:426.57

Indication and assessment of ASA

Surgical myectomy is considered the standard treatment for
LVOT obstruction associated with HCM,” while ASA is a
less invasive alternative to myectomy in some patients,
including elderly patients and those who may not tolerate
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Fig. 18 Ejection fraction is 33.7% on cine steady-state free pre-
cession (SSFP) in this hypertrophic cardiomyopathy (HCM) patient.
Extensive late gadolinium enhancement (LGE) (arrows) and myo-
cardial wall thinning (arrowhead) are depicted.

surgery.>® Cardiac MR imaging is able to play an important
role in the choice of these treatments, because whereas local-
ized septal hypertrophy is a good candidate for both myec-
tomy and ASA (Fig. 3), the LVOT obstruction caused by
papillary muscle abnormalities should be treated by surgical
intervention such as septal myectomy and papillary muscle
replacement (Figs. 15a, 16). Hypertrophy of the left ventricle
or non-septal hypertrophy may be reduced following release
of the LVOT obstruction, which can be assessed with SSFP.>°
Late gadolinium enhancement MR imaging shows the ablated
region in the hypertrophied septum clearly (Fig. 19). The loca-
tion and extent of LGE induced by ASA and non-anteroseptal
myocardial hypertrophy are predictive of the success rate of
ASA 56! Contrast-enhanced cine SSFP can also be used to

128

Fig. 17 Apical pouching
is enhanced (a, arrow),
and had not changed at
the follow-up late gad-
olinium  enhancement
(LGE) MR imaging per-
formed 2 years later (b,
arrow).

Fig. 19 The septal myocardium after alcohol septal ablation (ASA)
shows late gadolinium enhancement (LGE) and reduced thickness
(arrow).

evaluate the ablated myocardium, including the microvas-
cular obstruction and enhanced region (Fig. 20).52 Therefore,
cardiac MR imaging is useful for treatment planning and
follow-up in patients with HCM with LVOT obstruction.

Conclusions

Cardiac MR imaging is useful for making a diagnosis of
HCM and identifying the phenotypes of HCM because of its
ability to show the cardiac morphologies clearly. Cardiac
MR imaging can also contribute to risk stratification for
HCM because of its accurate measurement of LVH, detec-
tion of “high-risk” phenotypes, and identification of myocar-
dial fibrosis (i.e., LGE). In addition, cardiac MR imaging is
useful for treatment planning and follow-up in patients with
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Fig. 20 Contrast-enhanced steady-state free precession (SSFP)
imaging identifies the ablated myocardium as the microvascular
obstruction showing marked low intensity (arrow) and enhanced
region (arrowhead).

HCM associated with LVOT obstruction. Therefore, cardiac
MR imaging should be applied to patients with HCM or sus-
picious HCM in clinical practice.
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