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        Hypertrophic cardiomyopathy (HCM) is a com-
mon genetic cardiomyopathy caused by muta-
tions in genes which encode for the myofi lament 
protein components of the sarcomere or the 
z-disc [ 1 – 4 ]. It has a prevalence of 1 in 500 in the 
general population and is a global disease affect-
ing patients in all continents [ 5 ] and of both gen-
ders [ 6 ]. It is the leading cause of sudden death in 
young people, with an annual mortality rate of 
1 % [ 7 ]. Since its fi rst description over 50 years 
ago, the pathophysiology of the disease is still 
incompletely understood [ 8 ]. The disease is asso-
ciated with tremendous heterogeneity with regard 
to its presentation, phenotype, and prognosis. 
The diagnosis for HCM is usually made clini-
cally after symptom onset or cardiac events, but 
may also be found after routine 12-lead electro-
cardiogram (ECG), heart murmur on cardiac 
exam, or in family screening of probands. 

   Imaging 

 Clinical diagnosis is confi rmed through imaging 
using 2D echocardiography and/or cardiac MRI 
(CMR) or CT by identifying an increase in left 
ventricular (LV) wall thickness ≥15 mm (mean 
~22 mm [normal ≤12 mm]) without a dilated LV 
chamber in absence of other cardiac or systemic 
disease processes (e.g., aortic stenosis, chronic 
hypertension) capable of producing the magni-
tude of hypertrophy [ 9 ]. In certain instances, such 
as patients with a family history of HCM, a maxi-
mal wall thickness ≥13 mm may be compatible 
with the diagnosis of HCM. LV hypertrophy is 
most commonly asymmetric, with the most com-
mon location of increased wall thickness occur-
ring in the contiguous area of the basal anterior 
septum and anterior wall [ 10 ] (Fig.  16.1 ), although 
there is tremendous heterogeneity in phenotypic 
expression, even in those with a common geno-
type. In addition, in close to 25 % of HCM 
patients, segments of LV hypertrophy can be sep-
arated by myocardial regions of normal thickness, 
i.e., noncontiguous pattern of LV hypertrophy. 
Concentric pattern of LV hypertrophy occurs very 
rarely in HCM (~1 %) [ 11 ,  12 ] (Fig.  16.2 ).

       Characterization of Anatomy 

   LV Hypertrophy 

 CMR has the unique ability to acquire truly tomo-
graphic high-resolution images in any anatomic 
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plane without ionizing radiation, thus making it a 
particularly useful tool for precisely characterizing 
the HCM phenotype. Balanced steady state free 
precession (SSFP) cine imaging sequences result in 
a sharp delineation of myocardial borders due to the 
high contrast between a relatively dark myocardium 
and bright blood pool. This allows for accurate 

measurements of wall thickness in any region of the 
LV chamber. By using contiguous short-axis slices, 
a clear and comprehensive presentation of the entire 
myocardial geometry from the base to apex can be 
achieved, resulting in precise and reproducible 
quantifi cation of chamber volumes, LV mass, and 
systolic function (Figs.  16.1  and  16.2 ). 

a b c

  Fig. 16.1    Focal myocardial hypertrophy. Images in differ-
ent planes (with corresponding scanlines) serve as a refer-
ence “road map” to pinpoint the location of focal hypertrophy 
and to precisely measure the true maximal wall thickness, a 
metric which has been associated with increased risk of car-
diac events. ( a ) In this HCM patient, a basal short-axis slice 

shows a focal area of increased septal wall thickness con-
fi ned to the anterior septum with normal wall thickness in 
other segments. Maximal wall thickness was 16.6 mm. 
Corresponding 4-chamber ( b ) and 2-chamber ( c ) views 
demonstrate the diffi culty in appreciating the true geometry 
of the left ventricle walls without the short-axis slice       

  Fig. 16.2    Concentric hypertrophy on the left ventricle 
(LV). ( a ) Short-axis stack shows extreme hypertrophy in 
most segments. Note the relative sparing of the right ven-
tricular walls. ( b ) 4-chamber slice showing the degree of 
hypertrophy in all of the LV walls. ( c ) Enlarged view of 

slice 7, showing maximal wall thickness of 31 mm. Overall 
LV mass was 311 g, with an LV mass index of 185 g/m 2 . 
Based on this fi nding and after a balanced discussion with 
the patient, a prophylactic ICD was placed due to the high 
risk of sudden death associated with extreme hypertrophy       
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 Focal areas of LV hypertrophy in the antero-
lateral free wall, apex, and posterior septum may 
not be well seen (or the extent underestimated) 
by echocardiography due to the inability to dis-
criminate the epicardial borders of the heart from 
noncardiac structures, or due to anatomic inter-
ference from thoracic or pulmonary parenchyma 
(Fig.  16.3 ). Furthermore, there is evidence to 
suggest that in some HCM patients, 
 echocardiography can substantially underesti-
mate the magnitude of hypertrophy compared 
with CMR [ 13 ], particularly in patients with 
focal areas of increased LV wall thickness con-
fi ned to the anterolateral wall [ 14 ] (Fig.  16.3c ).

   Apical HCM is characterized by hypertrophy 
of the myocardium, predominantly in the left 
ventricular apical area. This variant of HCM is 
rare in Western countries (1–2 %) but is common 
in Japanese and other Asian populations (up to 
25 %). Typical features of apical HCM include 
giant negative T waves on ECG, mild symptoms, 
and a generally more benign course. Other mor-
phological fi ndings of this disease include cavity 
obliteration and apical sequestration (Fig.  16.3 ). 
Echocardiography has limitations for demonstra-
tion of the apex and may miss apical HCM. This 
limitation is not encountered with cardiac MRI. 

 CMR can also easily facilitate the identifi cation 
of patients with massive hypertrophy (maximal 
wall thickness ≥30 mm) which is considered a 
high-risk feature and warrants consideration of 
primary prevention implantable cardioverter- 
defi brillator (ICD), even in the absence of any 
other risk markers (Fig.  16.2 ) [ 15 ]. CMR can iden-
tify myocardial crypts, which are more common in 
genotype-positive but phenotype- negative patients 
(i.e., without LV hypertrophy), and may help iden-
tify HCM family members to be considered for 
diagnostic genetic testing (Fig.  16.4 ) [ 16 ,  17 ].

   LV mass calculated from planimetry of short- 
axis slices provides an excellent assessment of 
the overall extent of LV hypertrophy, as there is 
tremendous variability in the patterns of hyper-
trophy in regions remote from maximal LV wall 
thickness. LV mass is therefore a more robust 
measure of the overall extent of LV hypertrophy. 
There is recent evidence that marked increase in 
LV mass index may be more sensitive in predict-
ing adverse outcome (including sudden death), 

while maximal wall thickness >30 mm was more 
specifi c [ 18 ]. However, its relevance as an inde-
pendent marker for predicting adverse outcomes 
such as sudden death (SD) is still not well defi ned.  

   RV Hypertrophy 

 Precise delineation of right ventricular morphol-
ogy has been challenging with echocardiography 
due to its complex three-dimensional geometry 
and its orientation within the thorax. The unique 
ability of CMR or CT to obtain or reconstruct 
images in any orientation provides tools for 
robust assessment of the RV. Recent studies have 
demonstrated increased RV wall thickness 
(≥8 mm) in over 1/3 of HCM patients, with an 
important proportion of patients who have an 
increased RV wall mass [ 19 ,  20 ]. 

 In addition, approximately half of HCM 
patients will demonstrate hypertrophy of the sep-
tal band and the crista supraventricularis 
(Fig.  16.5 ) which is an RV muscle structure that 
is often positioned adjacent to the basal anterior 
septum [ 21 – 23 ]. As a result, it can sometimes be 
erroneously included in the measurement of the 
ventricular septum, which can lead to overesti-
mations in LV maximal wall thickness. It is 
important to clarify the anatomy by carefully 
examining cine loops and seeing the crista move 
off the septum at various stages of the cardiac 
cycle. The morphological phenomena of hyper-
trophied crista supraventricularis and increased 
RV wall thickness support the principle that 
HCM is a disease process that can involve the 
right ventricle, rather than exclusively the LV.

      LV Outfl ow Tract Obstruction 

 Subaortic obstruction in HCM is caused by ante-
rior leafl et of the mitral valve (rarely the posterior 
leafl et) making contact with basal septum in mid- 
systole (SAM-septal contact) (Figs.  16.6  and 
 16.7 ). The Venturi effect was originally hypothe-
sized to be the mechanism by which systolic 
anterior motion (SAM) of the mitral valve leafl et 
and chordal structures occurs. However, recent 
evidence has pointed to fl ow drag, which is the 
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  Fig. 16.3    Echocardiography weaknesses. ( a ,  b ) Patient 
with fl ipped T waves on lateral leads during a screening 
ECG leads to echocardiography, but was nondiagnostic 
due to incomplete visualization of the apex and apical lat-
eral walls ( a ). In this case, steady state free precession 
(SSFP) MR ( b ) showed substantial hypertrophy at the 
apex as well as a small apical aneurysm ( arrow ). ( c ) Focal 
hypertrophy of the mid-inferior septum ( arrow ), which 
was underappreciated in echocardiography. ( e ,  f ) In a dif-
ferent patient, echocardiography suggested thickening of 

the apex ( arrow  in  d ); however, the endocardial borders 
were not clearly visualized. Corresponding 4-chamber 
cine slice ( e ) precisely delineating the degree and location 
of apical hypertrophy ( arrows ). Late gadolinium enhance-
ment (LGE) imaging shows extensive enhancement in the 
apex and the anterior wall ( arrow ). ( g – i ) Patient with api-
cal variant HCM without evidence of LGE. 4-chamber ( g ) 
and 2-chamber SSFP images clearly show the hypertro-
phy localized to the apex. 2-chamber late gadolinium 
enhancement ( i ) shows no abnormal enhancement       
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force of fl ow from a hyperdynamic ventricle, to 
be the primary hemodynamic force for pushing 
the mitral valve toward the septum. Hence, com-
plete characterization of the mitral valve appara-
tus (including the chordal structures and papillary 
muscles), and their infl uence on the pathophysi-
ology of LV outfl ow tract (LVOT) obstruction, 
has important therapeutic implications. There is 
also emerging evidence that the angle between 
LVOT and aortic root may be related with out-
fl ow tract gradient [ 24 ]. The elevated LV systolic 
pressures resulting from outfl ow tract obstruction 
lead to increased wall stress, venous congestion, 
myocardial ischemia, and mitral regurgitation. 

Fibrosis may lead to diastolic dysfunction and 
may also be a substrate for unstable arrhythmias 
(see discussion below on LGE).

    Cine CMR can accurately locate in 3 dimen-
sions the origin of high-velocity blood fl ow, 
frequently in the region of SAM-septal contact, 
which is visualized as a signal void from dephased 
blood (Fig.  16.6 ). Although SSFP sequences 
are less sensitive to dephasing from turbulent 
blood fl ow compared with gradient recalled echo 
(GRE) sequences, hemodynamically signifi cant 
outfl ow tract gradients usually result in visually 
apparent signal voids to easily locate the origin 
of the obstruction. Phase contrast (PC) MR can 

  Fig. 16.4    Different phenotypic expressions of HCM. ( a ) 
Multiple accessory papillary muscles ( arrows ) seen on 
short- axis CMR. ( b ) End-stage HCM with left ventricle 
ejection fraction =30 %. Note the markedly enlarged left 
atrium and the presence of apicobasal bundle ( arrow ). ( c ) 

Myocardial crypts ( arrow ) seen in mid-inferolateral wall 
on echocardiogram in 3-chamber view. ( d ) Different 
patient with a myocardial crypt ( arrow ) seen in basal infe-
rior wall       
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be obtained if subaortic hypertrophic obstructive 
cardiomyopathy (HOCM) is suspected.    For accu-
rate measurements, it is important that the plane 
of PC image is adjusted perpendicular to jet of 

blood fl ow in subaortic region and the velocity 
encoding (VENC) value is set high enough to pre-
vent aliasing. However, due to the superior tem-
poral resolution of Doppler  echocardiography, 

  Fig. 16.5    Right ventricular (RV) septomarginal trabecu-
lation and crista supraventricularis can be mistakenly 
incorporated in the intraventricular septum measure-
ments. ( a ) HCM patient with very prominent septal band 
muscle ( outlined in white ), as well as increased thickness 
of right ventricular anterior free wall of 8.2 mm. Due to 
the location of this muscle adjacent to the septum, incor-
rect inclusion of its dimensions when measuring the left 
ventricle (LV) septal thickness may lead to overestimation 
of the maximum LV wall thickness. Close inspection of 

the cine short-axis stack confi rms that this structure 
indeed moves away from the septum toward the RV cav-
ity. Furthermore, views from other orientations with scan-
lines in ( b ) (modifi ed 5-chamber view) and ( c ) (RV 
outfl ow tract view) confi rm the location of the circum-
scribed area of thickness is in the right ventricular cavity 
rather than part of the septum. ( d ) Another patient with 
hypertrophied septomarginal trabeculation, with its struc-
ture outlined       
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it is preferable to use gradient measurements 
obtained from echocardiography when making 
treatment decisions. 

 Furthermore, fi xed LVOT obstruction by a 
subvalvular membrane and aortic valve stenosis 
must be ruled out, usually through the use of 
echocardiography. The presence of an outfl ow 
tract gradient in the absence of SAM-septal 
 contact is highly suggestive of a subaortic 
membrane. 

 Basal LVOT gradients ≥30 mmHg due to 
SAM-septal contact are a strong independent 
determinant of heart failure (HF) symptom 

 progression, HF death, stroke death, and all-cause 
mortality [ 25 ]. The identifi cation of obstruction at 
rest or following exercise opens up treatment 
options not available to nonobstructed patients, 
including surgery and alcohol septal ablation. 
Therefore, identifying obstruction is a critical 
issue in the diagnostic workup for HCM patients. 

 The limiting factor is the dynamic nature of 
LVOT obstruction [ 26 ,  27 ], where CMR can only 
assess a patient reliably under basal conditions. 
One-third of HCM patients will only have outfl ow 
obstruction transient during activity or provocation. 
Thus, clinical management decisions regarding 

  Fig. 16.6    Elongation of mitral valve leafl et length has 
been identifi ed as a primary phenotypic abnormality in 
patients with HCM phenotype or genotype. ( a ) Patient 
with anterior mitral leafl et length of 31 mm ( arrow ), ( b ) 
Without systolic anterior motion or mitral regurgitation. 
( c ) Patient with anterior mitral leafl et length of 31 mm and 

posterior mitral leafl et length of 23. ( d ) There was marked 
leafl et and chordal systolic anterior motion leading to an 
LVOT gradient of >80 mmHg. Note the dephasing jet 
indicative of turbulence through the LVOT ( arrow ) as 
well as dephased blood in left atrium ( arrowhead ) indica-
tive of mitral regurgitation       
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 outfl ow obstruction should be predicated on mea-
surements from echocardiography (with or without 
stress/provocative maneuvers) (Fig.  16.8 ) [ 28 ].

      Papillary Muscles 

 Abnormalities in papillary muscle morphology 
are common, including papillary muscle hyper-
trophy, anteroapical displacement, double bifi d, 
direct insertion into mitral leafl ets, fusion to ven-
tricular septum or free wall [ 11 ,  29 – 32 ], and 
accessory papillary muscles (including apico-
basal muscle bundles [ 33 ]) (Fig.  16.9 ). Cardiac 
MR can be used to reliably characterize papillary 
muscle anatomy by accurately identifying their 
number, location, and position in the LV chamber 
(Fig.  16.10 ). When compared with controls, there 
appears to be an increased number of papillary 
muscles, in addition to an increased papillary 
muscle mass. Papillary muscle mass is related to 

overall LV mass index. However, subgroups of 
patients have normal LV mass but increased pap-
illary muscle mass [ 30 ]. These observations 
broaden our understanding of HCM phenotype to 
include structures beyond the left ventricular wall 
and suggest that the same disease pathophysiol-
ogy responsible for LV hypertrophy may also be 
involved in papillary muscle hypertrophy.

    Certain abnormalities in papillary muscle 
anatomy have been shown to be related to LVOT 
obstruction. Papillary muscles appear to be posi-
tioned more anteriorly and closer to the ventricu-
lar septum in those with LVOT obstruction at rest 
and had more marked hypertrophy compared to 
those without obstruction [ 30 ]. Anteroapical dis-
placement of anterolateral papillary muscles and 
double bifi d papillary muscles have been found 
to be independently associated with signifi cant 
outfl ow gradients, even after controlling for sep-
tal thickness [ 29 ]. Patients with signifi cant out-
fl ow tract obstruction also have papillary muscles 

  Fig. 16.7    Some classical echocardiographic fi ndings 
found in HCM patients with left ventricle (LV) outfl ow 
tract obstruction, illustrating the anatomy and hemody-
namic effects as a result of the obstruction. ( a ) Continuous 
wave Doppler through the LV outfl ow tract in 5-chamber 
view showing typical dagger-shaped fl ow indicative of 

dynamic obstruction. ( b ) M-mode through mitral valve 
leafl ets in parasternal long axis showing valvular systolic 
anterior motion ( arrows ). ( c ) M-mode through aortic 
valve leafl ets in parasternal long axis showing premature 
closure in mid-systole ( arrows )       

  Fig. 16.8    Left ventricle (LV) outfl ow tract obstruction is 
a dynamic process. This is an echocardiogram of an HCM 
patient with marked dyspnea during exertion showing 
continuous wave Doppler gradients across LV outfl ow 
tract. ( a ) At rest – no signifi cant gradient seen. ( b ) With 

Valsalva maneuver – no signifi cant change in gradients. 
( c ) During exercise – signifi cant LV outfl ow tract obstruc-
tion with peak gradient >60 mmHg. Patient’s symptoms 
were well controlled with titrating doses of beta-blockers       
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closer to the ventricular septum (Fig.  16.9 ) [ 30 ]. 
Prior to more widespread use of CMR, such 
abnormalities are often not well appreciated by 

echocardiography and thus missed and were only 
seen during surgery by direct inspection [ 22 ]. 
Papillary muscle mobility may also play an 

  Fig. 16.9    Schematic of septum, papillary muscle, and 
mitral valve anatomy and their contribution to LV outfl ow 
tract obstruction and mitral regurgitation. ( a ) Normal pap-
illary muscle and mitral valve location and length. Note 
the unimpeded fl ow through the LV outfl ow tract. ( b ) 
Anteroapical displacement of thickened papillary muscle 
( arrow ), with lengthened anterior mitral valve leafl et ( * ) 

and thickened septum leading to signifi cant outfl ow tract 
obstruction. ( c ) Double bifi d papillary muscles with 
lengthened posterior mitral valve leafl et ( * ), leading to 
chordal and valvular systolic anterior motion, outfl ow 
tract obstruction, malcoaptation, and mitral regurgitation 
(Figures copyright Raymond H Chan)       

  Fig. 16.10    Papillary muscle hypertrophy and mitral 
valve abnormalities are primary anatomic features of 
HCM, which affect more than the left ventricle (LV) 
walls. ( a ) Short-axis steady state free precession (SSFP) 
shows prominent size of posterior papillary muscle 
( arrow ), despite relatively normal wall thicknesses. ( b ) 
Modifi ed 4-chamber SSFP confi rms marked enlargement 

of posterior papillary muscle ( arrow ). ( c ) LV outfl ow tract 
(LVOT) view shows elongated anterior mitral valve leaf-
let. ( d – f ) Show late gadolinium enhancement (LGE) 
imaging in corresponding views. Note enhancement seen 
in papillary muscle ( d ,  e ) and mitral valve leafl ets ( f ) 
( arrows ). The clinical signifi cance of LGE in these struc-
tures is unknown       
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important role in dynamic LV outfl ow tract 
obstruction during exercise (Fig.  16.8 ). Complete 
visualization of papillary muscle anatomy is 
therefore a clinically important step in the man-
agement of patients with LVOT obstruction. 

 The above evidence supports the hypothesis 
that accessory and apically displaced papillary 
muscles contribute signifi cantly to LVOT obstruc-
tion, by pulling the plane of the mitral valve 
toward the septum. As a result, they are often 
removed during surgery, and therefore, their iden-
tifi cation by imaging can aid in preoperative sur-
gical planning. Furthermore, CMR can identify 
anomalous papillary muscle insertion into the 
mitral valve, which can redirect patients toward 
surgery rather than alcohol septal ablation, since 
this abnormality causes mid- ventricular obstruc-
tion not amenable to percutaneous approach.  

   Mitral Valve Leafl et Anatomy 

 Mitral valve leafl ets appear to be elongated inde-
pendently of other morphological characteristics 
such as LV thickness or mass and may represent a 
primary phenotypic characteristic of HCM [ 34 ]. 
Such elongated leafl ets play an important role in 
generating LV outfl ow tract gradients, particularly 
in those whose relative anterior mitral leafl et 
length exceeds twice that of the transverse LV out-
fl ow tract diameter (Fig.  16.6 ) [ 34 ]. The anterior 
mitral leafl et (AML) has more redundancy and 
mobility [ 35 ].    There is also a signifi cant relation-
ship between the ratio of AML length and LVOT 
diameter with length and the magnitude of outfl ow 
tract gradient. Extreme lengths of the AML may 
potentially produce mitral-septal obstruction even 
after extensive septal muscle resection. Increased 
mitral valve leafl et length may also serve as a 
marker of gene-positive status in HCM in family 
members without LV hypertrophy. 

 As a result of mitral leafl et malcoaptation due 
to systolic anterior motion (SAM), mitral regur-
gitation jets can also be seen as a signal void in 
the left atrium. These jets are often posteriorly 
directed due to relatively greater SAM of the 
AML compared to the posterior leafl et (Fig.  16.6 ). 
The regurgitant jet volume can be quantitated by 

comparing the left ventricular stroke volume by 
planimetry of SSFP images with the aorta fl ow 
obtained from phase contrast sequences.   

   Planning for Surgical Myectomy 

 Surgical myectomy is the gold standard for 
symptomatic relief in patients with signifi cant LV 
outfl ow obstruction on maximal medical therapy 
[ 9 ]. As outlined above, CMR can be helpful by 
clear delineation of the relative three- dimensional 
anatomy of the LV outfl ow tract, mitral valve, 
and the subvalvular apparatus [ 28 ]. Accessory 
papillary muscles which may contribute to 
obstruction can be identifi ed for planned removal. 
Important measurements for operative planning 
include maximal septal thickness, distance of 
maximum thickness from aortic annulus, and the 
apical extent of septal bulge. Careful CMR plan-
ning using multiple thin slabs with no gaps in the 
LV outfl ow tract orientation can be extremely 
helpful by providing precise and reproducible 
measurements. This anatomic information should 
supplement rather than supplant those obtained 
from transesophageal echocardiogram (TEE). 

   Evaluation After Alcohol 
Septal Ablation 

 Using late gadolinium enhancement imaging, 
CMR can objectively quantify the amount of 
necrosed tissue, as well as its location in relation-
ship to the LVOT (Fig.  16.11 ). This may help in 
the assessment of patients who achieve subopti-
mal results after ablation or when gradients recur 
late after the procedure.

      LV Apical Aneurysms 

 HCM patients with LV apical aneurysms are a pre-
viously under-recognized subgroup prior to more 
widespread use of CMR in these patients. Its preva-
lence is low at 2 % [ 36 ]. It is characterized by thin-
walled, akinetic, or dyskinetic segments in the LV 
apex (Fig.  16.12 ). Often, these segments are 
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 composed of fi brotic tissue which can be seen as a 
transmural pattern of late gadolinium enhancement 
(Fig.  16.13 ). Like apical hypertrophy, echocardiog-
raphy may not reliably detect these aneurysms 
because of its technical limitations, where in one 
study the sensitivity was only 57 % [ 37 ].

    Several mechanisms have been proposed, 
including genetic disposition, presence of myo-
cardial bridging of the left anterior descending 
artery, and mid-cavitary obstruction causing ele-
vated pressures leading to myocardial fi brosis. 
The true mechanism of aneurysmal formation is 
likely multifactorial, as each of the above charac-
teristics has been shown to occur in a small 
minority of patients [ 37 ]. Mid-ventricular hyper-
trophic obstructive cardiomyopathy (HOCM) is 
characterized by asymmetric left ventricular 
hypertrophy and by a pressure gradient between 
basal and apical sites in the left ventricle. These 

patients are often symptomatic and prone to ven-
tricular arrhythmias arising from the distal left 
ventricular aneurysm (Fig.  16.13 ). 

 Recent evidence shows that adverse event rates 
in the subgroup with apical aneurysms are sub-
stantial at ~10 % per year, including sudden death, 
ICD discharges, nonfatal thromboembolic stroke, 
progressive heart failure, and death [ 37 ]; thus, 
patients with apical aneurysms are considered a 
high-risk subgroup. Often, fi brosis can extend 
from the aneurysm to the periapical regions in the 
septum and free wall and may thus serve as a sub-
strate for malignant dysrhythmias [ 38 ]. Patients 
should be considered for ICD implantation for 
primary prevention of sudden death, particularly 
those with extensive LGE [ 10 ]. Dyskinetic and 
akinetic segments may harbor pools of stagnant 
blood fl ow, leading to the formation of intracavi-
tary thrombi and subsequent thromboembolic 

  Fig. 16.11    Cardiac    MR can be helpful in the evaluation 
of patients after alcohol septal ablation. These series of 
images are from a patient who had a successful alcohol 
septal 2 months prior to MR. ( a ) Short-axis steady state 
free precession (SSFP) slice showing small area of 
infarcted myocardium that fails to thicken during systole 
in ( b)  ( arrow ). Corresponding LGE imaging in short-axis 
( c ) and 4-chamber view ( d ) showing focal area in the 

basal septum with bright transmural enhancement sec-
ondary to induced infarction from the alcohol septal abla-
tion ( arrow ). ( e ) Prior to the alcohol septal ablation, 
continuous wave Doppler echocardiography shows a sig-
nifi cant LVOT gradient well over 50 mmHg. ( f ) 2-month 
post-alcohol septal ablation, there is no clinically signifi -
cant LVOT gradient       
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strokes. Among those with a sizable apical aneu-
rysm, there may be a potential role for anticoagu-
lation for stroke prophylaxis. 

 Fortunately, ventricular rupture is not com-
mon despite marked thinning of the myocardium 
at the apex; thus, prophylactic surgical resection 
is not warranted.   

   Tissue Characterization 

   Late Gadolinium Enhancement (LGE) 

 Current risk stratifi cation algorithms for sudden 
cardiac death (SCD) in HCM are imprecise and 
not always defi nitive, as SCD occasionally occurs 
in patients without conventional risk factors 
(Fig.  16.14 ). Identifi cation of additional markers 

to allow more precise selection of those patients 
who may benefi t from primary prevention ICD 
therapy represents a major clinical aspiration in 
HCM. Recently, contrast-enhanced CMR with 
late gadolinium enhancement (LGE) has emerged 
as an imaging technique to noninvasively identify 
myocardial fi brosis in coronary artery disease 
and other cardiomyopathies, including HCM. 
The prognostic value of LGE in HCM patients 
has been the subject of immense interest since the 
fi rst large study demonstrated a possible associa-
tion between LGE and adverse events [ 39 – 44 ].

      Pathophysiology of LGE 

 Myocardial fi brosis may be a manifestation of 
the repair process emanating from microvascular 

  Fig. 16.12    Apical aneurysms. Patients with apical aneu-
rysms represent a small subgroup of high-risk patients. 
Several mechanisms for aneurysm development have 
been proposed, including mid-cavitary obstruction. These 
series of steady state free precession (SSFP) images are 
from a patient with harsh systolic murmur and shortness 
of breath, diagnosed with hypertrophic cardiomyopathy 
with apical aneurysm and mid-cavitary obstruction, with 
intraventricular gradient >80 mmHg by echocardiogram. 
( a – c ) Are diastolic and ( d – f ) are systolic views. 4-cham-

ber slice ( a ) shows dramatic mid-ventricular hypertrophy 
( arrows ) at end diastole and near obliteration of mid-cav-
ity at systole with a jet of dephased blood ( arrows  in  d ) 
indicative of turbulent fl ow. 2-chamber views in systole 
( b ) and diastole ( e ) showing noncontractile large apical 
aneurysm ( arrows ). Late gadolinium enhancement imag-
ing did not show any evidence of enhancement, refuting 
the hypothesis that myocardial fi brosis and subsequent 
dilation is the mechanism of aneurysm formation       
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  Fig. 16.13    Enhancing apical 
aneurysm. A young patient 
with hypertrophic cardiomy-
opathy and apical aneurysm 
presented with a recent stroke 
(presumed to be cardioem-
bolic). ( a ,  b ) Focal hypertro-
phy in the mid-left ventricle 
( arrows ), with a dyskinetic 
apical aneurysm. 
Corresponding late gado-
linium enhancement (LGE) 
images on similar planes ( c , 
 d ) show substantial enhance-
ment of the left ventricle apex 
and the periapical regions 
( arrows )       

  Fig. 16.14    Contrast-enhanced CMR with late gadolin-
ium enhancement can be an arbitrator for implantable 
cardioverter- defi brillator ( ICD ) placement decisions in 
HCM patients whose risk remains ambiguous after assess-
ment with conventional risk factors such as a familial his-
tory of sudden death, history of unexplained syncope, 
multiple episodes on non-sustained ventricular tachycar-
dia, massive left ventricular hypertrophy ( LVH ), and 

abnormal blood pressure response to exercise. 
Furthermore, extensive late gadolinium enhancement 
( LGE ) by itself can identify HCM patients at increased 
sudden death risk, in whom prophylactic ICD therapy 
would otherwise not be considered. Conversely, the 
absence of LGE is associated with low risk of sudden 
death ( SD ) and therefore a potential source of reassurance 
to patients.  NSVT  non-sustained ventricular tachycardia       
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dysfunction and silent ischemia in a large propor-
tion of HCM patients. It has been postulated that 
LGE mostly represents such areas of myocardial 
fi brosis. However, much of the histopathological 
correlations with LGE imaging have been extrap-
olated from CMR-based animal models involv-
ing myocardial infarctions [ 45 ]. Only a small 
number of case reports with explanted end-stage 
HCM patients [ 44 ,  46 ] and small case series of 
patients who underwent myectomies [ 47 ,  48 ] 
have provided direct comparison of LGE to his-
topathology in HCM. Furthermore, it has been 
shown that the junction of the septum and right 
ventricular walls (the so-called RV insertion 
points) may in fact be areas of expanded extracel-
lular space due to intersecting myocardial fi bers 
rather than myocardial fi brosis (Fig.  16.15 ) [ 49 ]. 
There is currently no suitable HCM animal model 
available for study. Thus, the precise mechanism 
by which LGE occurs in HCM is still uncertain 
[ 50 ], but there is strong circumstantial evidence 
to support the paradigm of LGE representing 
areas of replacement fi brosis, particularly in end- 
stage HCM.

      Pattern and Distribution of LGE 

 Prevalence of LGE is high, with a range between 
40 and 80 % depending on patient population. 
Almost any pattern, distribution, and location of 
LGE can be observed in HCM (Fig.  16.16 ). Most 
commonly, it occurs in a patchy mid-wall 

 distribution, usually involving segments with 
greatest degrees of hypertrophy [ 40 ,  44 ]. This is 
likely refl ective of the severity of chronic micro-
vascular ischemic damage leading to replacement 
fi brosis. Patients with greater maximal wall thick-
ness and LV mass index tend to have greater extent 
of LGE [ 40 ,  44 ] (Fig.  16.17 ). LGE can be com-
monly localized to the RV insertion points, likely 
secondary to myocyte disarray and expansion of 
extracellular space rather than fi brosis (Fig.  16.15 ) 
[ 49 ]. As well, LGE can be found in the right ven-
tricular wall and papillary muscles (Fig.  16.10 ). 
There is a strong inverse relationship between 
LVEF and the extent of LGE. Patients with end-
stage HCM with depressed ejection fraction usu-
ally have extensive LGE seen in all segments 
(Fig.  16.18 ) [ 40 ,  44 ,  51 ]. LGE should not corre-
spond to a coronary  vascular distribution, unless 
there is concomitant coronary artery disease.

     As the quantity of LGE may be small, contig-
uous stacks without gaps are needed to ensure 
proper sensitivity for small regions of enhance-
ment.    At a minimum, three orthogonal planes 
should be obtained: a short-axis stack with slice 
thickness of not more than 10 mm, 2-chamber 
view, and 4-chamber view. High-resolution 
(voxel size ≤1.4 mm) isotropic sequences can 
also be used if locally available and of suffi cient 
image quality. Furthermore, it is crucial to 
 cross- reference areas of enhancement simultane-
ously using scanlines in different imaging planes 
(Fig.  16.17 ) to exclude artifacts from blood pool 
and partial volume averaging, particularly in the 

  Fig. 16.15    Short   -axis slices of late gadolinium enhance-
ment (LGE) imaging, showing the classical “insertion 
point” enhancement described in various cardiomyopa-
thies, including HCM. ( a ) Prominent LGE seen in 

 isolation at the anterior RV insertion point ( arrow ), ( b ) at 
the inferior insertion point ( arrow ), and ( c ) at both the 
anterior and inferior insertion points ( arrows )       
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basal and apical areas. It is often helpful to use 
SSFP cine images as another source of reference, 
due to its high image contrast between dark myo-
cardium and bright blood pool.  

   LGE and Risk of Adverse Events 

 Previous studies demonstrated that LGE is asso-
ciated with ventricular arrhythmias [ 39 – 44 ]. 

LGE was shown to be an independent predictor 
of non-sustained ventricular tachycardia (NSVT), 
even after adjusting for age and maximal wall 
thickness [ 52 ]. These data suggest that LGE may 
be representative of the burden of arrhythmo-
genic substrate and perhaps contribute to the risk 
of lethal arrhythmias in HCM. This is supported 
by evidence that the presence of NSVT is associ-
ated with higher risks of sudden death, particu-
larly in young patients [ 53 ]. 

  Fig. 16.16    Late gadolinium enhancement (LGE) patterns. 
Almost any pattern, distribution, and location of LGE can be 
observed in HCM. ( a ) Basal left ventricle ( LV ) short-axis 
image from an asymptomatic 29-year-old man with no con-
ventional risk factors and focal areas of LGE confi ned to 
mid-myocardial anterior wall ( arrows ), encompassing 4 % 
of LV mass. ( b ) Mid-LV short-axis image from a 61-year-old 
woman, with substantial LGE (23 % of LV mass) involving 
basal anterior septum and contiguous anterolateral free wall 
( thick arrows ) as well as a focal area at the intersection of the 
RV free wall and posterior septum ( thin arrow ). A short fi ve 
beat run of NSVT on 24-h ambulatory Holter ECG was the 
only evidence for increased sudden death risk. Extensive 
LGE acted as an arbitrator for the decision to implant an ICD 
for primary prevention, which terminated an episode of rapid 

ventricular tachycardia 5 months later. ( c ) 4- chamber long-
axis image from a mildly symptomatic 54-year-old man 
without conventional sudden risk factors, normal ejection 
fraction (60 %), and extensive, transmural LGE involving the 
distal posterior septum, apex, and lateral free wall ( arrows ) 
encompassing 36 % of LV mass. One year after implantable 
cardioverter-defi brillator (ICD) placement, this patient 
received an appropriate ICD shock for rapid monomorphic 
ventricular tachycardia. ( d ) 4-chamber long-axis image from 
a 29-year-old man with extensive LGE involving large por-
tions of ventricular septum ( arrows ) encompassing 32 % of 
LV mass. Over the follow-up period, he developed the end-
stage phase of HCM (EF <50 %) associated with progressive 
heart failure symptoms (NYHA class III), currently under 
consideration for heart transplantation       
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  Fig. 16.17    Two patients with extreme hypertrophy, one 
with late gadolinium enhancement (LGE) and one with-
out. ( a ,  b ) Late gadolinium enhancement imaging of 
patient with extreme hypertrophy with maximal wall 
thickness of 31 mm and LV mass of 481 g surprisingly 
shows complete lack of enhancement in short-axis slices 

( a ), confi rmed with 4- chamber ( b ) slice. ( c ,  d ) Second 
patient with extreme hypertrophy with maximal wall 
thickness of 44 mm and LV mass of 268 g showing exten-
sive LGE in the short-axis slice ( a ) and 4-chamber slice 
( b ). The LGE was seen in 33 g or 12 % of the LV mass       

  Fig. 16.18    Patients with end-stage HCM usually have 
extensive late gadolinium enhancement (LGE). In this end- 
stage HCM patient, late gadolinium enhancement imaging 
shows extensive enhancement encompassing well over 70 % 
of the entire LV myocardium.  Scanlines  indicate levels of 

corresponding slices. ( a ) Short-axis basal-mid-slice showing 
septum almost completely consisting of enhanced myocar-
dium ( arrows ). ( b ) 4-chamber view shows enhancement in 
the RV and LV apices ( arrows ). ( c ) 2-chamber view shows 
enhancement of entire anterior wall and apex ( arrows )       
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 This has generated interest that LGE could 
serve as a novel risk marker for sudden death, 
thus improving current risk stratifi cation strate-
gies. Only four small short-term studies have 
examined the relationship between LGE and 
sudden death or appropriate therapy for ventric-
ular tachycardia/fi brillation. However, all of the 
individual studies were underpowered to detect a 
signifi cant relationship with sudden cardiac 
death, even when data were combined. It is 
important to note that these studies have focused 
entirely on the association between the  presence  
of LGE and sudden death. However, the mere 
presence of any amount of LGE as a binary vari-
able cannot practically be regarded as a risk 
marker, given that the reported prevalence of 
some LGE is up to 80 % of all HCM patients. 
Furthermore, this designation gives equal weight 
to LGE across a broad spectrum of amounts, 
from minimal to extensive. 

 More recently, results from a large prospective 
cohort study revealed a robust continuous rela-
tionship between the amount of LGE and sudden 
death risk in HCM patients with (as well as with-
out) conventional risk factors (Fig.  16.19a ) [ 51 ]. 
The absence of LGE itself was associated with 
low risk of SCD, representing a potential source 
of reassurance to patients with no other marker of 

increased risk. The data provides support for 
extensive LGE to be an independent prognostic 
marker for sudden death. The extent of LGE can 
also be used as an arbitrator in ICD decisions in 
patients in whom risk stratifi cation remains 
ambiguous in the presence of possible conven-
tional risk factors (Fig.  16.14 ). Furthermore, the 
extent of LGE also predicted development of end-
stage HCM and all-cause mortality (Fig.  16.19b ).

   Intermediate signal-intensity LGE is thought 
to represent areas of tissue of heterogeneity, 
where there are islands of myocardium separated 
by fi brosis. This may potentially be important as 
these regions have been hypothesized to repre-
sent a more arrhythmogenic substrate, making 
one more likely to experience lethal arrhythmias 
[ 54 ]. While there is an association with ambu-
latory ventricular tachyarrhythmias in HCM 
[ 55 ], intermediate signal-intensity LGE does not 
appear to be a superior predictor for identifying 
high-risk patients for sudden death when com-
pared with visually quantifi ed or high-signal- 
intensity (i.e., >6 SD above normal mean SI of 
nulled myocardium) LGE (Fig.  16.20 ) [ 56 ]. The 
emergence of novel CMR techniques such as 
T1 mapping may provide an even more precise 
characterization of abnormal myocardial sub-
strate in HCM [ 57 ].

  Fig. 16.19    ( a ) Predicted risk of sudden cardiac death 
events, stratifi ed by the extent of late gadolinium enhance-
ment ( LGE ). The extent of LGE is independently related 
to risk of sudden cardiac death events in HCM, even after 
adjusting for baseline risk factors and relevant covariates. 

( b ) Risk of adverse events has a continuous independent 
relationship with the extent of LGE, including sudden 
death, development of end stage, and total mortality, even 
after adjusting for relevant baseline covariates       
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       Stress Perfusion CMR 

 CMR can be used to assess perfusion defi cits and 
abnormalities of coronary blood fl ow [ 58 ]. 
Microvascular dysfunction has been well 
described in this disease and can be evaluated 
using multiparametric imaging with CMR [ 59 ]. 
It has been shown that ischemia identifi ed by 
SPECT is associated with increased risk in HCM 
[ 60 ,  61 ]. Stress perfusion CMR may thus be con-
sidered as a further risk stratifi cation tool; how-
ever, its role in the overall risk stratifi cation 
strategy remains undetermined.  

   Differentiation of Athlete’s Heart 
with HCM 

 A common clinical problem arises where physi-
ological changes in the hearts of young competi-
tive athletes may overlap phenotypically with a 
mild expression of HCM. This distinction is par-
ticularly important since HCM is the most 

 common cause of sudden death in young com-
petitive athletes [ 62 ]. Of these deaths, the vast 
majority occur during periods of severe exertion 
during training or competition. Accurate diagno-
sis has profound implications, as the misdiagno-
sis of disease may unnecessarily disqualify a 
patient from further participation and competi-
tion. On the other hand, proper identifi cation of 
athletes with HCM can form the basis for dis-
qualifi cation from certain types of athletic activi-
ties in order to minimize risk. 

 Long-term athletic training (particularly in 
high-intensity endurance sports such as distance 
running, cycling, swimming, and rowing) can 
lead to increases in LV wall thickness, along 
with increases in LV end-diastolic volumes 
which leads to an increase in LV mass [ 63 ]. 
During such activities, cardiac output is greatly 
increased through physiological elevations in 
heart rate, stroke volume, and blood pressure, 
with a concomitant reduction in peripheral vas-
cular resistance. Subsequently, the heart is sub-
jected to predominantly a volume load, rather 
than a pressure load as experienced during 

  Fig. 16.20    These series of images illustrate the method 
to which intermediate signal-intensity (or “gray zone”) 
enhancement is identifi ed and quantifi ed. ( a ) Mid-
ventricular short-axis late gadolinium enhancement 
(LGE) image of 36-year-old man with considerable 
hyperenhancement ( red arrow ) in ventricular septum and 
anterior wall and a region of interest in normal myocar-
dium (ROI;  orange box ) used to defi ne thresholds for 
LGE. ( b ) Manual contouring of endocardial border ( red 

line ) and epicardial border ( green line ) of LV to defi ne 
myocardium.  Red shading  denotes visually determined 
area of hyperenhancement. ( c ) Grayscale threshold 
≥4SDs above signal intensity (SI) of the ROI ( red shad-
ing ), which includes both high- and intermediate-SI LGE. 
( d ) High-SI LGE ( red shading ), defi ned by ≥6SD above 
SI of the ROI. ( e ) Intermediate-SI LGE ( yellow shading ), 
identifi ed by subtracting LGE ≥4SD from ≥6SD (super-
imposed  red shading )       
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 isometric exercises such as weight lifting [ 64 ], 
thus leading to cavitary dilation. However, ath-
letes engaging in either form of exercise tend to 
have increased LV cavity size compared with 
controls, a characteristic that is helpful in differ-
entiating an athlete’s heart from HCM, where 
cavity sizes tend to be small. Pathological 
changes such as severe left atrial enlargement 
and LV systolic and diastolic dysfunction should 
not occur in athlete’s heart. 

 Cessation of systemic training in the athlete 
over a period of several months will cause regres-
sion of increased wall thickness but will not 
result in regression of hypertrophy in patients 
with HCM [ 65 ]. This method has been advocated 
as a method of differentiating between athlete’s 
heart and HCM, since there should be no expected 
regression with detraining in true cardiac disease. 
Furthermore, the presence of greater than small 
amounts of LGE is highly suggestive of HCM 
and not athlete’s heart. 

 Table  16.1  Lists of helpful fi ndings which can 
help distinguish between athlete’s heart and HCM

      Differentiation of Hypertensive 
Heart Disease with HCM 

 A frequent diagnostic dilemma occurs when a 
patient with suspected HCM also has concomi-
tant hypertension (Fig.  16.21 ). Typically, chronic 
hypertension produces concentric remodeling 
rather than asymmetric septal hypertrophy 
(ASH), although ASH is frequently encountered 
in elderly patients. Patients with a family history 
of HCM, ventricular hypertrophy in a nonhyper-
tensive relative, or a positive genetic test may be 
supportive of a diagnosis of HCM. Treatment of 
hypertension may regress hypertrophy in those 
with hypertension. Hypertension rarely produces 
wall thickness >18 mm, while the average LV 
wall thickness in HCM is 21 mm. Strain metrics 

   Table 16.1    Characteristics of athlete’s heart versus hypertrophic cardiomyopathy (HCM)   

 Characteristic  Athlete’s heart  HCM 

 LV end-diastolic dimension >55 mm  Present (>1/3 of highly trained 
elite male athletes), particularly in 
endurance athletes 

 Uncommon until the end stage 
with heart failure and systolic 
dysfunction 

 LV end-diastolic dimension <45 mm  Inconsistent with athlete’s heart  If present, is supportive of 
diagnosis 

 Focal or “unusual” patterns of 
hypertrophy 

 Absent  Common 

 Degree of hypertrophy  Normal or mildly increased 
(≤12 mm), <2 % may be up to 
16 mm 

 Average thickness ~20 mm, with 
small subgroup with substantial 
thickening >50 mm 

 Decreased thickness (~2–5 mm) within 
3 months of deconditioning 

 Supportive of diagnosis  Absent 

 Left atrial enlargement  Absent  May be present 
 Peak oxygen consumption (VO 2  ) >110 %  Present  Absent 
 Late gadolinium enhancement  May be present, usually in small 

amounts in mid-myocardium and 
at RV insertion points, never 
extensive 

 Common (40–60 %), may be at RV 
insertion points but also elsewhere, 
occasionally (~10 %) extensive 

 Sarcomeric mutation on genetic testing  Absent  May be present (~40–50 %) 
 Family history of HCM  Absent  May be present 
 Abnormal ECG  May be present, thus not helpful  May be present 
 Right ventricular involvement  Absent  Occasionally present 
 Transmitral fi lling pattern on 
echocardiography 

 Normal  Decreased E wave, increased A 
wave, or may be normal 

   LV  left ventricle,  RV  right ventricle,  ECG  electrocardiogram  
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from echocardiography and CMR are emerging 
as novel discriminatory tools [ 66 – 68 ].

   Certain patterns of septal hypertrophy may be 
more prominent in HCM, such as reverse curva-
ture and apical hypertrophy. Other patterns such 
as a sigmoid shape are more prominent in elderly 
hypertensive patients [ 69 ] and have been shown 
to be negative predictor of HCM genotype [ 70 ]. 
It also has to be noted that there may be signifi -
cant overlap in phenotypes; therefore, diagnosis 
of hypertension does not necessarily preclude the 
diagnosis of HCM.  

   Differentiation of Metabolic and 
Infi ltrative Cardiomyopathies 
and HCM 

 A variety of genetic diseases can produce pheno-
types that may have myocardial geometry similar 
to HCM. The most common “non-sarcomeric” 
diseases include cardiac amyloidosis, Anderson- 
Fabry’s disease, and Danon disease. Generally, 
most of these conditions produce symmetric 
rather than asymmetric hypertrophy, and LVOT 
obstruction is less common. 

 A systematic approach, including obtaining an 
accurate and complete family history, symptoms, 
physical examination, judicious use of imaging, 
and biochemical and genetic testing, is vital to 

the differential diagnosis between such diseases 
and hypertrophic cardiomyopathy. For example, 
CMR imaging can be used to identify patterns of 
LVH and LGE which can raise suspicion for 
diagnosis of HCM phenocopies. Molecular diag-
nosis can then be used as confi rmatory tests for 
Danon and Fabry’s disease, while biopsy should 
be considered for amyloid. 

 Anderson-Fabry’s disease is an x-linked lyso-
somal storage disease where mutations in the 
α-galactosidase A gene lead to accumulation of 
glycosphingolipids in multiple organs, including 
the kidneys and heart. Cardiac manifestations are 
serious and progressive and may include left ven-
tricular thickening, conduction abnormalities, 
dysrhythmias, and valve disease and are not usu-
ally detected until the third or fourth decade of 
life. Cardiac diseases are a major cause of death 
in patients with Fabry’s [ 71 ]. Adults with this dis-
ease have LGE most commonly localized to the 
basal inferolateral wall, which would be an 
unusual distribution in HCM. 

 Danon disease is another x-linked lysosomal 
storage disease where mutations in the lysosome- 
associated membrane protein 2 (LAMP2) cause 
skeletal myopathy, developmental delay, and car-
diomyopathy. Patients may present during adoles-
cence with elevated creatine kinase, preexcitation 
pattern on ECG, left ventricular hypertrophy, and 
retinitis pigmentosa. Most patients die rapidly from 

  Fig. 16.21    Patient with genotype-positive HCM with con-
comitant hypertension. ( a ) Short-axis slice shows concen-
tric thickening, with enlarged papillary muscle. ( b ) 
4-chamber view shows a dephased jet of blood consistent 
with posteriorly directed mitral regurgitation ( arrow ). Note 

prominent hypertrophy in the apical region.  Scanline  repre-
sents level of the short-axis slice. ( c ) 3-chamber view in 
systole shows dephasing through left ventricle outfl ow tract 
( arrow ), representing fl ow acceleration originating mitral 
leafl et tip secondary to chordal systolic anterior motion       
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heart failure (typically <25 years old), with a small 
proportion dying from sudden cardiac death [ 72 ]. 

 Mutations in PRKAG2, the γ2 subunit of 
AMP-activated protein kinase (AMPK), can 
cause a syndrome of HCM, conduction abnor-
malities, and Wolff-Parkinson-White syndrome. 
However, this mutation does not seem to result in 
malignant consequences, such as sudden death 
and ventricular dilation [ 73 ]. 

 Amyloidosis is caused by the abnormal depo-
sition of insoluble amyloid proteins throughout 
the body, with cardiac involvement being more 
frequent in the AL and TTE subtypes. Amyloid 

deposition leads to diastolic dysfunction and 
restrictive cardiomyopathy, which ultimately 
progresses to heart failure. It is the leading cause 
of death for patients with AL amyloidosis. CMR 
shows a characteristic “failure to null” pattern in 
T1 scout during late gadolinium enhancement 
imaging, together with abnormal blood pool gad-
olinium kinetics. Patients may exhibit a pattern 
of global subendocardial LGE or patchy focal 
involvement in the LV myocardium. Supportive 
fi ndings include enlarged atria (likely secondary 
to restrictive cardiomyopathy), pericardial effu-
sion, and pleural effusions (Fig.  16.22 ).

  Fig. 16.22    Patient with biopsy-proven AL cardiac amy-
loidosis, showing several classical MR fi ndings of amy-
loidosis. ( a ) 4-chamber steady state free precession 
(SSFP) showing diffuse thickening of LV myocardium 
and enlarged left atrium. Note small circumferential peri-
cardial effusion and mild bilateral pleural effusions. ( b ) 
Short-axis SSFP slice showing symmetric thickening and 

small pericardial effusion. ( c ) Look-Locker T1 scout 
showing the typical “failure to null” appearance of myo-
cardium despite varying inversion times from 100 to 
500 ms. ( d ) Short-axis late gadolinium enhancement 
(LFE) imaging showing diffuse LGE as well as regions of 
subendocardial enhancement not in typical coronary 
distribution       
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      Left Ventricular Noncompaction 
(LVNC) 

 Left ventricular noncompaction, or LVNC, was 
fi rst reported in 1984 (Fig.  16.23 ) [ 74 ]. It was ini-
tially observed in echocardiography with the 
appearance of persistent myocardial sinusoids. 
Its prevalence is estimated to be between 0.05 
and 0.24 %, with a wide range of ages at presen-
tation with no predilection for any specifi c age 
[ 75 ]. Over half of all cases are male.

   LVNC is hypothesized to be due to abnormal 
compaction of the myocardium during the fi fth 
and eighth week of embryonic development. The 
trabecular layer of the ventricle has been observed 

to compact from the base to apex during develop-
ment, from epicardium to endocardium, and from 
the septal to lateral wall.    However, cases of 
acquired LVNC have been described, where 
infants whose echocardiograms did not show 
LVNC but were subsequently diagnosed with the 
disease later in life [ 76 ,  77 ]. 

 Different genes found to be associated with 
LVNC include taffazin, β-dystrobrevin (DTNA), 
Cypher/ZASP (LDB3), lamin A/C (LMNA), 
SCN5A, MYH7, and MYBPC3 [ 78 ]. Much like 
HCM, there is considerable genetic heterogene-
ity associated with LVNC. As well, LVNC can 
exist concurrently with HCM or dilated cardio-
myopathy [ 79 ]. Familial involvement ranges 

  Fig. 16.23    Patient with suspected noncompaction on 
echocardiography. ( a ) 4-chamber slice shows large area of 
noncompacted myocardium, with a thickness ratio of 
16.8/7 = 2.4 in relation to adjacent myocardium during 
diastole. ( b ) 3-chamber view of the same patient with a 
thickness ratio of 17.4/6.6 = 2.6. A maximum diastolic 
ratio of noncompacted versus compacted myocardium of 
>2.3–2.5 is required in three long-axis views. ( c )  Short-axis 

slice near the apex shows noncompacted myocardium fi ll-
ing the entire LV cavity. ( d ) Short-axis echocardiography 
near the apex shows echo- lucent matrix-like structure sug-
gestive of noncompacted myocardium. ( e ) Color Doppler 
in 4-chamber orientation helps highlight blood fl ow in the 
recesses. There appear to be numerous prominent trabecu-
lations with deep intertrabecular spaces. Alternatively, 
contrast echocardiography can be used       
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from 18 to 33 % [ 80 – 82 ]. Current guidelines rec-
ommend clinical screen of fi rst-degree relatives 
of probands; however, genetic testing is not rou-
tinely recommended [ 83 ]. 

 Echocardiography is the initial diagnostic test 
of choice, with contrast echo, transesophageal 
echo, and three-dimensional echo serving as use-
ful adjuncts. There is no clear consensus on the 
echocardiographic diagnostic criteria for LVNC, 
as each threshold will have different sensitivities 
and specifi es. The three most widely used criteria 
include:
    1.    Jenni criteria [ 84 ]: In parasternal short-axis 

view, end- systolic  ratio >2 of noncompacted 
to compact layer; the absence of other coexist-
ing structural abnormalities, plus numerous 
excessively prominent trabeculations and 
deep intertrabecular spaces; and recesses per-
fused by intraventricular blood seen by color 
Doppler   

   2.    Chin criteria [ 85 ]: In parasternal short-axis 
view or apical views, end- diastolic  ratio of 
compact layer to total thickness of LV <0.5   

   3.    Stollberger criteria [ 75 ]: >3 trabeculations 
protruding from the LV free wall apically to 
the papillary muscles seen on one imaging 
plane; intertrabecular spaces perfused from 
the LV cavity shown by color Doppler     
 Different criteria have also been proposed, 

including combining the Jenni and Stollberger 
criteria or by quantifying along a continuum the 
noncompacted/compacted ratio and areas of non-
compaction [ 86 ,  87 ]. 

 Due to lower spatial resolution of echocar-
diography, and in its often suboptimal character-
ization of apical segments (where noncompacted 
areas are most commonly found), LVNC often 
goes undiagnosed or misdiagnosed as HCM or 
dilated cardiomyopathy. The superior image res-
olution and unlimited imaging planes make CMR 
a complementary (and often superior) tool in 
establishing the diagnosis. The Petersen criteria 
[ 88 ] in CMR require an end- diastolic  ratio >2.3 
of trabecular and compact layers (Fig.  16.23 ). 
These criteria have been shown to have high 
diagnostic accuracy to distinguish pathological 
LVNC from noncompaction seen in healthy, 
dilated, and hypertrophied hearts. Cardiac CT 

and contrast left ventriculography can also be 
useful if there is a need for concurrent delineation 
of coronary anatomy. 

 Asymptomatic patients do not need treatment 
but need to be followed, but all symptomatic 
patients should be followed closely. Incidence of 
NYHA class II/IV heart failure ranges from 35 to 
44 % [ 80 ,  89 ]. Treatment of patients include 
medical therapy with beta-blockers, ACE inhibi-
tors, and diuretics in those with systolic dysfunc-
tion [ 90 ]. Cardiac resynchronization therapy with 
or without an ICD is recommended for those on 
optimal medical therapy with LVEF <35 % and 
QRS >0.120 s [ 91 ]. Patients should also be moni-
tored for ventricular arrhythmias, with ICD 
implantation in the appropriate patients. 
Prognosis depends on symptoms and LV ejection 
fraction.     
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