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Purpose and Overview

The purpose of this presentation is to educate physicians on the history of HCM management
and update them on current clinical guidelines. The presentation will focus on current imaging,
medical and surgical options, ICD therapy and genetic screening. Potential future directions will
also be highlighted.

Learning Objectives:

(1) To understand the current role of imaging in the management of HCM.

(2) To know the available medical and surgical options for management of the symptomatic
patient with HCM.

(3) To understand the risk of sudden death associated with HCM and the role of ICD therapy.

(4) To understand the role of genetic testing in patients and families with HCM.
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Introduction

Hypertrophic cardiomyopathy (HCM) continues to fascinate cardiologists today as it did
a century ago; despite all that has been learned about the disease, many fundamental
guestions remained tantalizingly unanswered. While often thought of as a disease of extreme
physiology- massive ventricular hypertrophy, sudden cardiac death, and severe heart failure-
perhaps it is better regarded as a disease of extreme variability. The heterogeneity of clinical
presentation and ventricular phenotypes, even within the same family, can be striking. From the
clinician’s standpoint, managing HCM is interesting because it unites imaging, genetics,
hemodynamics, and surgical and interventional procedures.

HCM is not a particularly rare disorder- estimated to affect 1 in 500 individuals(9)- but
the many mild cases may go undiagnosed. The tendency to diagnose the most severe cases
bolsters our preconceived notion that HCM is a highly symptomatic and uniformly fatal
condition. Indeed, the symptomatic patients are only the tip of the proverbial iceberg; an
estimated one quarter of patients with HCM are symptomatic.(10) Therefore, most patients



remained undiagnosed, and those who do present, usually do so in adulthood, not childhood, as
is commonly believed.

These statistics notwithstanding, HCM can be a dramatic condition and is relatively
common. When we juxtapose these facts with the recognition that HCM was only first
characterized fifty years ago, the history of its elucidation becomes all the more compelling and
interesting. To be sure, there remains much to learn and understand about HCM pathogenesis.
This review will summarize what is known about HCM, how our understanding of HCM evolved
and the future of HCM of research and clinical care.

The Past

First Case Reports and Anecdotes

Although we generally attribute our current understanding of HCM to the work done
primarily in England and the United States during the middle of the 20" Century, in fact there
were several case reports and descriptions of patients with probable HCM in the medical
literature in the late 1800’s and early 1900s. It is important to recognize that the inability to either
image the heart or perform hemodynamic assessments hindered the recognition of this
condition in the living patient, particularly in light of the fact that the first symptom was often
sudden death and other causes of heart failure (e.g. rheumatic heart disease) were far more
common than HCM in day-to-day clinical practice.

In 1907, the German pathologist Alexander Schmincke described two unrelated patients
who had severe left ventricular hypertrophy (LVH).(11) He noted particular hypertrophy of the
left ventricular outflow tract (LVOT) and postulated that the obstruction may be leading to
secondary hypertrophy which, in turn, could result in more obstruction. This important insight
would be expanded upon fifty years later.

In 1931, a case of a 15 year-old boy with heart failure was presented in the Case
Records of the Massachusetts General Hospital in the New England Journal of Medicine.(12)
The patient died after a year of medical attention. No clear clinical diagnosis could be made, but
at autopsy, the heart was noted to be markedly hypertrophied and weighed 500 grams. Gross
and microscopic pathology was unrevealing. The attending pathologist, Dr Mallory, commented
that he had never seen anything like it before. The attendees at the clinicopathological case
conference were left puzzled:

Dr Cabot: | should say this is a scandalous state of things. It does not
fit anything at all, does it?

Dr Mallory: Nothing we know of at the present time. Yet it is an entity,
and is interesting in showing how little we really know of heart failure.
Dr Cabot: I should think this was “idiopathic hypertrophy.” That is
where the scandal comes in, because neither before death nor after it
was any cause for the hypertrophy found. It is one of the cases which
has to go down for the future as a marplot, marring any future
diagnosis because it does not fit anything known so far.



This case, as suggested by Eugene Braunwald decades later, was probably an early reported
case of HCM and remains important as it was perhaps the first description of the clinical course,
physical exam, diagnostic findings, and post-mortem examination of a patient.

In the subsequent twenty years, several small case series of patients with idiopathic
hypertrophy, often associated with familial patterns of inheritance and sudden death were
described. In 1958, a celebrated publication by the British pathologist, Donald Teare, appeared
in the British Heart Journal.(6) It was entitled “Asymmetrical hypertrophy of the heart in young
adults.” Teare described nine patients with heart failure, most of whom had died suddenly, who
were noted to have marked septal hypertrophy. Microscopic examination revealed “bizarre
arrangements of muscle bundles...and considerable amounts of fibrosis.” (Figure 1)
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The Celebrated Years at the NIH

The late 1950’s and the first half of the 1960’s saw tremendous progress in our
understanding of HCM. This was certainly due in no small measure to rapid advancements in
diagnostic modalities, most notably cardiac catheterization, and surgical techniques However,
the catalyst for discovery was the appearance of a new brand of energetic physician-scientist
who sought to understand the clinical observations they made by employing experimental
techniques and detailed study. Without doubt, the most influential group in this field, was at the
NIH led by a young Eugene Braunwald.

Eugene Braunwald arrived at the NIH (for the second time) as the director of the cardiac
catheterization laboratory at age 28 after just having completing his medical residency at Johns
Hopkins. By age 30 he had become the chief of cardiology at the National Heart Institute.
Braunwald and his co-investigators at the NIH would go on to make a number of important
contributions in cardiology. Notably, during this time, Braunwald would form a close working
relationship to Andrew Glenn Morrow, a young cardiac surgeon (who would, ironically die of
HCM-related complications 20 years later) (Figure 2). Together they formed the nucleus of the
team which would go on to make some of the most celebrated discoveries in the clinical,
hemodynamic and therapeutic characterization of HCM.



Figure 2: (a) Eugene Braunwald and (b) The story began in 1958, when Glenn Morrow
Glenn Morrow at the NIH angrily summoned Braunwald to the operating room where
a patient, sent by Braunwald to surgery for resection of
presumed congenital subaortic stenosis, was on the table
on cardiopulmonary bypass. Although Braunwald had
documented a significant LV outflow tract gradient by
cardiac catheterization, Morrow could find nothing wrong
with the aortic valve, nor did he note any subvalvular ring.
All he could see was that the ventricle was thicker than

normal. While a despondent Braunwald returned to his
office to call his mother, Morrow, at the request of Braunwald, rechecked the LV-aortic gradient
once the heart was restarted. To his surprise, Morrow also noted a significant gradient.

The mysterious condition was to recur to months later, when another patient returned
with the same hemodynamic and intra-operative findings. Morrow and Braunwald would
conclude that the observed gradients were (1) real and (2) only seen in the working heart. Their
first publication, entitled “Functional aortic stenosis: a malformation characterized by resistance
to left ventricular outflow without anatomic obstruction,” soon followed and detailed their first
three cases of this obscure disease.(13) That same year in England, Sir Russell Brock, who had
postulated the existence of this condition in the left ventricle based on his observations in the
context of the right ventricle, published on his series of five patients with similar hemodynamic
and clinical findings.(14)

Steadily, the number of cases and referrals increased, and by 1960, Morrow and
Braunwald published the largest series of patients seen to date.(15) In that important work, they
(1) emphasized that this condition can and should be identified based on clinical and
hemodynamic grounds, (2) described their initial experience with the ventriculomyotomy, and (3)
coined the condition idiopathic hypertrophic subaortic stenosis (IHSS). This term would be
commonly used for another twenty years, and is still used today.*

One of the most fundamental features of IHSS would be the dynamic nature of the
outflow tract gradient. Work at the NIH would go on to demonstrate the effects of those
physiologic and pharmacologic manipulations which are often used today as diagnostic
maneuvers. Administration of pro-contractility agents, such as isoproterenol or the digitalis
glycoside ouabain, or dropping venous return to the heart (preload), such as with nitroglycerin or
the Valsalva maneuver, were found to increase the gradient.(16-18) The group would also
describe the hemodynamic finding of post-extrasystolic augmentation of the LVOT gradient
which results in a drop in the aortic pulse pressure.(19) This finding could be used to
differentiate the dynamic LVOT gradient from IHSS from the fixed gradient observed in e.g.
aortic stenosis. This hemodynamic finding would later be given the eponym of the
Brockenbrough-Braunwald-Morrow sign. (Figure 3)

! Since the 1970’s the term IHSS is no longer favored, as subaortic stenosis is not a universal clinical feature and
with elucidation of many causal genes, the etiology of the condition cannot strictly be considered idiopathic.
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Figure 3: In (a) the post-PVC beat demonstrates no change or a slight increase in the pulse pressure,
consistent with the patients’s fixed LVOT obstruction from aortic stenosis. In (b) the post-PVC beat has a
narrow pulse pressure from the increased obstruction from extra-systolic augmentation in the setting of IHSS-
this is the Brockenbrough-Braunwald-Morrow sign. Figures from reference 11.

The mainstay of current medical treatment for the labile LVOT obstruction, namely the -
blocker, was established by Braunwald and coworkers over these early years. Researchers at
the NIH had early access to these drugs and when given to patients with IHSS, significant
reductions in resting and exercise-induced gradients were observed. In an early placebo-
controlled clinical trial, Cohen and Braunwald showed that propranolol treatment led to
significant improvements in hemodynamics, exercise-capacity and angina.(7)

In 1968, prior to leaving the NIH for UCSD, Frank and Braunwald reported on the largest
series of IHSS patients followed for up to 12 years.(20) This 30-page report carefully detailed
the electrocardiographic, hemodynamic, and physical exam features of all patients seen at the
NIH over the prior decade. Most importantly, a detailed, longitudinal assessment of the clinical
course of HCM was made, which highlighted several important features we still recognize today.
First, the clinical courses were highly variable- some patients being extremely symptomatic and
others minimally so. Furthermore, the LVOT gradient itself did not necessarily correlate with the
degree of symptoms. Finally, they reported that six of the patients (~5%) experienced sudden
death, giving the first estimate of this previously anecdotal risk.

The decade between 1958 and 1968 was the most formative time shaping our current
concepts of HCM, and we owe much to the investigative spirit and energy of Braunwald, Morrow
and their colleagues at the NIH. The diagnostic maneuvers and therapeutic approaches they
discovered 50-years ago are still used today. Their discoveries are perhaps even more
impressive when considering that ultrasound technology still had not been adapted to cardiac
imaging- they used only the physical exam, electrocardiography, and careful hemodynamics.



The Present

Imaging

Advent of M-mode and 2-Dimenstional Echocardiography

The echocardiogram revolutionized the field of cardiology by allowing assessments of
cardiac structure and function in real-time and with relative convenience and low cost. This
technology was applied to HCM in the 1970’s and allowed visualization (although perhaps not
full understanding of) what was occurring in the LV to generate the gradient to LV outflow.
Although perhaps taken for granted today, it was actually a matter of significant debate whether
there was actually any true LVOT gradient associated with HCM at all. It was argued
(particularly by J. Michael Criley at Harbor-UCLA who had been a resident with Eugene
Braunwald at Hopkins) that the observed gradients were simply a pressure artifact related to
catheters becoming entrapped in the muscular hypertrophy/cavity obliteration.(21)
Echocardiography was instrumental in helping to settle this issue by allowing for non-invasive
assessments of the mechanism for obstruction, real-time visualization, and with the application
of Doppler, estimating LVOT gradients without the use of catheters.

Echocardiography found an early role in detecting the asymmetric septal hypertrophy
(ASH) typical of HCM. ASH referred to the disproportionate amount of subaortic hypertrophy in
IHSS relative to the other walls, e.g. the posterior wall. Although most of the attention in IHSS in
the 1960’s focused on the influence of the subaortic hypertrophy as the cause of the outflow
tract gradient, in the middle of the decade, the cardiothoracic surgeon Dr Viking O. Bjork, first
suggested the contribution the anterior leaflet of the mitral valve in generating the gradient. He
proposed that the presence of ASH led to abnormal motion of the mitral valve. However, this
theory was not widely adopted until M-mode echocardiography became available and used to
systematically study patients with IHSS. It became clear that systolic anterior motion (SAM) of
the mitral valve was a major component of the obstruction.(22) Even before the advent of
Doppler echocardiography, which we more commonly use today, it was clear by M-mode alone
that the duration and extent of mitral valve contact with the intraventricular septum during
contraction closely correlated with the magnitude of the LVOT gradient.(23) During systole, the
anterior leaflet of the mitral valve is pulled against the septum, forming a physical obstruction to
blood as it exits the ventricle. (Figure 4)

Today, Doppler is typically used to
measure the velocity of blood as it passes through
the LVOT and estimate pressure gradients.
Furthermore, using pulse wave Doppler, gradients
can be sampled at specific locations from the
apex out the LVOT to identify the specific level
where obstruction may be occurring. In distinction
to aortic stenosis, for instance, the typical Doppler
signal for a dynamic LVOT obstruction from HCM
has a so-called “dagger-shape,” as it manifests

Figure 4: Transthoracic ECHO demonstrating the
features of ASH and SAM obstructing the LVOT. 8




only as systole progresses, the ventricle contracts and SAM occurs. (Figure 5)
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Figure 5: (a) Invasive hemodynamics and (b) ECHO Doppler demonstrating that the LVOT gradient of HOCM
manifests as systole progresses. This results in the characteristic “dagger-shape” on Doppler.

g [ha)
T ®Hax U - 333 cn/seq
Hax PG = 44 nnlig
K 4
<
- W
- -
W b il b |
il T
Y I;
il : ' ¥

(a) H (b) DELAYL IR Ms EVERY BB EsrTS

The first published report of use of gated MRI to image HCM was in a series of patients

Figure 6: Example of apical HCM which is much more clearly delineated by MRI
(c,d) than on ECHO (a,b). From ref (4).

from UCSF in 1985 using
a 0.35 Tesla magnet.(24)
Since that time, use of
cardiac MRI has become
commonplace in imaging
HCM, particularly in
specialized centers. The
relatively widespread
adoption of MRI stems in
part from the fact that it
allows for more accurate
determination of wall
thickness,
location/pattern of
hypertrophy, and papillary
muscle anatomy (Figure
6). These features can be
helpful when ECHO

images are suboptimal (such as in detecting apical hypertrophy) or for pre-operative planning.

In 2002, an important case series of HCM scans was published from Ray Kim’s MRI
group. Extending their observations of myocardial infarct detection and quantification using late
gadolinium enhancement (LGE) MRI, Choudhury et al reported that HCM was associated with
the presence of LGE, even among asymptomatic or mildly symptomatic patients.(25) Scarring
was common (found in 80% of patients), patchy, frequently mid-myocardial and often found at



the septum at the RV insertion site (Figure 7). A subsequent gross pathologic assessment of an
explanted heart of a patient who received a heart transplant shortly after having had a cardiac
MRI suggested that there was a close correlation between LGE on MRI and the presence of
collagen at that location.(26) Because of these findings
cardiac MRI became a new, non-invasive method to assist
in the diagnosis of patients with possible HCM in the not-
uncommon situations of clinical ambiguity.

Since that time, we have gained new insight into the
potential utility of LGE MRI in the management of HCM.
While it had been established from autopsy studies that
myocardial scarring was common among affected
individuals suffering sudden cardiac death,(27) until recently
it was unknown whether the presence of scar correlated with
the burden of ventricular arrhythmias. Adabag et al,(28)
demonstrated that the presence of LGE on MRI was associated with ventricular arrhythmias by
24-hour Holter, even in patients with no overt HCM-related symptoms. Although an initial
follow-up study from that group was unable to show that this translated into a statistically

Figre 7: Cardiac MRI demonstrating
prototypical RV insertion-site LGE

significant difference in clinical events after two years of follow- CrrECT OF PROPRANOLOL
up (5.5% with LGE vs 3.3% without),(29) subsequent series ON EXERCISE IN IHSS
reports have linked the presence of LGE to a measurable PLACERO PROPRANOLOL
increase in adverse clinical events on follow-up, including heart
failure, arrhythmias and death.(30,31) 18-
16
Symptom Management w 4k
Medical Therapy % :: I
Since the early days at the NIH, it was recognized that % 8
patients felt better with negative inotropic drugs, while $ 6r
conversely, they did worse with digoxin and hypovolemia from 4r
diuretics (i.e. the standard of heart failure care in the 1960’s). 2
Since the initial studies by the Braunwald group, B-blockers have 0
been the cornerstone of treatment. They have been shown to Figure 8: Effect of b-blockade
. . . . on patient’s ability to exercise
reduce angina and increase exercise tolerance.(7) (Figure 8) on a treadmill before
They have the additional theoretical benefit of reducing developing exhaustive fatigue
ventricular arrhythmia burden and atrial fibrillation rates. or angina pectoris.(7)

In 1976, Kaltenbach and coworkers reported (in the German literature) on their
experience with using verapamil in place of B-blockade. They concluded that verapamil
appeared to be superior although their study was non-randomized.(32,33) Calcium channel
blockers, like B-blockers are potent negative inotropes and may also have beneficial
chronotropic and lusitropic properties. To date, there has been no randomized study comparing
B-blockers, calcium channel blockers, or their combination in the initial treatment of HCM.
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Although not used as routinely, disopyramide, a class la (sodium-channel blocker) anti-
arrhythmic has potent negative inotropic properties and has been shown to be very effective in
reducing the LVOT gradient associated with HCM.(8) (Figure 9) Despite being a negative
inotrope, this drug does not result in a decrease in cardiac output, presumably by increasing net

forward flow out the aortic valve and reducing mitral ot
regurgitation.(34) Although class | anti-arrhythmics 200- ConTROL
are generally avoided in structural heart disease, ’
disopyramide appears safe in observational studies 150-
and may improve functional status to the point that
invasive treatments can be avoided.(35) It may be a 100- N
helpful adjunct, particularly if there are additional
arrhythmias which can be simultaneously addressed. so-
Current ACC/AHA guidelines recommend f3- o e
blockers or calcium channel blockers as Class | "‘L/\"AJ\V"W ALW
agents in the treatment of symptomatic HCM patients | Figure 9: Disopyramide can significantly
. . . lower LVOT gradient in HOCM,; baseline
(with or without the presence of LVOT obstruction). (left) and 10-min post IV administration
Disopyramide can be added-on (lla (right).(8)

recommendation) for persistent symptoms. In the
absence of symptoms, the benefits of medical treatment (e.g. with B-blockers) is uncertain (llb
recommendation).(36)

Septal Reduction Therapy

Some patients have persistent symptoms despite medical management. The guidelines
suggest that septal reduction therapy can be considered for these patients when resting or
latent LVOT gradient 250mmHg is present.

Surgical

The septal myectomy (= myomectomy) was pioneered at the NIH by Glenn Morrow. The
operation was described in early 1960’s,(37,38) with the first case series having been reported
in 1968,(39) with a follow-up series in 1975.(1) The procedure has since been named the
Morrow Procedure in his honor. In essence, the surgeon

approaches the septum from a retrograde approach; a Table 1: Complications from septal
retractor is placed across the aortic valve and protects the reduction therapies
anterior leaflet of the mitral valve. A blade is used to carve out Myomectomy:

a channel (~4cm) through the hypertrophic septum and to -Mortality 2-3%

. . -Heart Block <3%
improve LV outflow. (Figure 10) The results of the procedure VSD <1%

can be amazing, with most patients having a dramatic -Aortic Regurgitation <1%
|mpro.v.em.ent |n.the|r LVOT gradlgnt al_nd functlonal Septal Ablation:

classification (Figure 11). Operative risk is generally low for -Morality 2-3%

this procedure, in part because most patients otherwise are '\H/S%”,)B'OCK 10-40%

generally healthy. Complications are summarized in Table 1.
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Figure 10: (a) Schematic of the Morrow procedure(1) and (b) a sample of myocardium from a recent
myomectomy performed at UTSW.

() PR EE G o

Although the improvements from myomectomy can be dramatic, it is important to
recognize the potential caveats involved with surgical intervention. Generally speaking, the
obstruction should be subaortic in order to achieve optimal results with surgery. The surgeon
can (and should) extend the resection lower towards the papillary muscles in the case of more
mid-cavitary obstruction. To date, however, surgical experience with apical forms of hypertrophy
is limited, and although ventricular volume enhancement has been performed, the results have
been less striking than those seen with traditional myomectomy.(40) Additionally, coincidental
mitral valve abnormalities, very common in HCM, may play a considerable role in the
obstruction; mitral valve repair or papillary muscle resection may be required. Sometimes, there
is residual SAM after the initial procedure(s) and mitral valve replacement with a low profile
mechanical prosthesis is required to alleviate the obstruction before separation from
cardiopulmonary bypass.
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Figure 11: Effectiveness of septal reduction technigues in improving heart failure and LVOT gradients.(3)

Alcohol septal ablation

In 1995, Dr Sigwart at the Royal Brompton Hospital published in The Lancet the novel
observation that the LVOT gradient in patients with HOCM could be reduced using catheter-
based techniques.(41) He described a series of three patients with symptoms related to
significant LVOT gradients. Initially he described a 30-minute balloon occlusion of the first septal
perforator branch feeding the hypertrophic subaortic segment of myocardium with resultant
improvement in hemodynamic parameters. After balloon deflation, the abnormal hemodynamics
returned. He subsequently described the instillation of 5mL of absolute alcohol into the

12



ventricular myocardium served by the first septal perforator and noted a significant acute- and
intermediate-term improvement in symptoms and hemodynamics.

Following this original publication, there has been a relatively widespread adoption of
alcohol septal ablation (ASA) as a less-invasive alternative to surgical myomectomy. The
technique is fairly simple. The left main coronary artery is intubated with a guiding catheter and
the (generally first) septal perforator is wired and a balloon is inflated in it to occlude flow.
lodinated- and echo-contrast agents are injected through the balloon lumen to ensure that the
coronary artery has been successfully occluded and to visualize the area of myocardium
subtended by the target artery. An ideal septal perforator perfused the area of septal
hypertrophy at the site where SAM is occurring. Once a suitable vessel has been confirmed,
between 1-2mL of absolute alcohol is instilled into the septal perforator over ten minutes.
(Figure 12)

While ASA can be
immediately effective (which is is
associated with higher clinical
success rates), it may take
several weeks to see the maximal
Figure 12: (a) a suitable as the intraventricular septum
. septal perforator is remodels and regresses. While
identified; (b) it is occluded head-to-head comparator studies
with a balloon; (c) alcohol is bet ical and cathet
injected, resulting in etween surgica an_ catheter- )
ablation of the downstream based septal reduction methods is
myocardium lacking, ASA can result in similar

(although probably not as

profound) reductions in gradients as myectomy (Figure 11).

Rates of complications are shown in Table 1.
Whereas myomectomy is associated LBBB because of the
location of the surgical resection (i.e. the left-side of the
intraventricular septum), ASA is associated with a RBBB,
probably owing to less redundancy in the blood flow serving
this bundle. The nature of this procedure leads to scarring of
the septum at the site of the controlled infarction (Figure 13).
Although observational studies do not suggest an increase in
mortality from ASA relative to myectomy, this remains a

; Figure 13: Septal scaring noted by
theoretical concern.(42,43) MRI after ASA.

SCD Risk Stratification

Sudden death from arrhythmias is the most feared complication from HCM. The original
reports, which described what we know today as HCM, emphasized unexplained and sudden
death as the first (and perhaps only) clue that the patient had an underlying cardiac condition. It
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was not until Braunwald’s 1968 report on the natural history of IHSS that clinicians had an
objective estimation of risk for SCD in this population. With the advent of implantable
cardioverter-defibrillators (ICDs), there became a pressing need to understand in greater detalil
which patients were at risk for SCD.

Table 2: Risk factors for SCD in HCM

Risk of SCD -Prior sustained VT/SCD

-First-degree family member with SCD
-Recent unexplained syncope
-Massive LVH (30mm+)

-Abnormal BP response with exercise
-Non-sustained VT on Holter

Not surprisingly, the risk of recurrent SCD events
is high among survivors of previous arrests (~30-60% at 5
years),(44-46) and device therapy is warranted in this
patient population. The challenge continues to be
identifying appropriate candidates for primary prevention, i.e. balancing the risks of implanting
an indwelling device in a young patient, who may have many decades of risk exposure, with the
benefits from treating a potentially life-threatening arrhythmia with a small annual incidence. An
additional hurdle has been our reliance on data from referral centers, which probably
dramatically overestimate the risk of SCD and enhance the apparent benefit of primary
prevention devices.

Over a number of years, several risk factors for SCD have been identified in cohort
studies (Table 2). Historically, there had been no clear consensus as to the number of risk
factors needed to recommend primary prophylaxis. In 2007, a multi-center cohort study of high-
risk patients with HCM who had received ICD therapy was published.(5) The overall rate of ICD
discharges was high, but significantly, post-hoc stratification by the number of pre-existing SCD
risk factors did not help distinguish among patients at greatest risk for appropriate ICD shocks.
Although the cohort was biased, these data suggested that we have a poor understanding of
which patients are at highest risk for SCD and emphasized that patients with only a single
traditional risk factor for SCD might need an ICD.(Figure 14)
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Figure 14: (a) Rates of discharge of ICDs in high-risk HCM populations and (b) primary prevention discharge
rates stratified by number of traditional SCD risk factors.(5)
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It is worth re-emphasizing that significant biases in the published literature are known to
exist,(47) and this must be taken into account in interpreting a patient’s individual risk of
arrhythmic death. The annual risk of SCD among non-referral cohorts is <1%,(10,48) compared
with the 4% annualized risk of appropriate device therapy in ICD cohorts. Furthermore,
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appropriate ICD discharges are not necessarily synonymous with SCD. Lastly, the mechanism
of sudden death may be emboalic (i.e. a stroke); this is the most common cause of death among

older HCM patients.(48)

Current Guidelines for ICD
Therapy

Prior cardiac arrest or
Sustained VT

»| ICD ded

The 2011 ACC/AHA s

guidelines for ICD therapy in patients . msmry_s'o s
with HCM are shown in Figure relative or
15.(36) Outside of a secondary

ICD reasonable

LV wall thickness >30 mm or

Recent unexplained syncope
prevention, there are no Class | NL
indications for ICD implantation, and ¥

the Level of Evidence for all primary HOTSIINT
prevention recommendations is

Other SCD Risk

Abnormal BP response
Level C (i.e. “Very limited
populations evaluated or consensus
opinion of experts”).

Screening and the Genetic
Evaluation of the HCM Patient

Early on, it was clear that

Figure 15: ACC/ACC HCM ICD implantation algorithm
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HCM had a familial component. Paré

et al described a large kindred of French Canadians- 30 of 87 of whom were clinically affected
with HCM- and traced the lineage back >150 years and five generations back to the clan’s
original immigrant from France; the investigators were able to conclude that there was an
autosomal dominant inheritance pattern.(49) This kindred would later be used to map the gene
to chromosome 14q11-12 and subsequently identify beta-myosin (MYH7) as the first gene
causing HCM (in this case, a missense mutation, R403Q).(50) It was quickly established that

the causes for familial HCM were heterogeneous,(51) with
innumerable reported mutations within MYH7 and other
sarcomeric proteins. Currently, eleven genes have been
firmly established as disease-causing (Table 3), with
MYH7 and MYBPC3 being the most commonly
encountered. More than 1400 mutations have been
reported associated with HCM.

Guideline recommendations surrounding screening

The current HCM guidelines recommend as a Class
I indication to clinically screen first-degree relatives of
patients with HCM. This involves clinical consultation, EKG
and echocardiography to assess for evidence of ventricular
hypertrophy. If there is no evidence of HCM, periodic
rescreening of the relatives is recommended, with intervals

Table 3: Proteins (genes) with the
strongest evidence for pathogenicity
in human HCM.

Thick filament

-B-myosin heavy chain (MYH7)
-regulatory myosin light chain (MYL2)
-essential myosin light chain (MYL3)
Thin filament

-cardiac troponin T (TNNT2)
-cardiac troponin | (TNNI3)

-cardiac troponin C (TNNC1)
-a-tropomyosin (TPM1)

-a-cardiac actin (ACTC)
Intermediate filament

-Cardiac myosin-binding protein C
(MYBPC3)

Z-disk

-a-actinin 2 (ACTN2)

-myozenin 2 (MYOZ2)
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depending on the relative’s age: <12 years screening is optional unless symptoms or high-risk
familial features are present, or if the person being screened is playing competitive sports;
between 12-21 years old (when puberty is occurring) screening is recommended every 12-18
months and after 21 years old, screening every five years is recommended unless interval
symptoms develop.(36) The availability of genetic testing has streamlined this process; one-time
screening to be possible in those cases when a genetic mutation in the proband is identified.
This can potentially alleviate a lifetime of recommended screening and patient stress.

Genotype-Phenotype Correlation

Over the past decade there has been considerable interest in correlating specific
genotypes with phenotypes in HCM. Despite some initial data suggesting particular genotypes
may be more pathologic than others, it has subsequently become clear from other studies that
clinical courses cannot be predicted by particular genotype. This conclusion is supported by the
current ACC/AHA HCM guidelines which do not advocate using genotype data to predict
disease course (e.g. whether to place an ICD).(36) Part of the issue is the clear influence of
additional (unknown) modifier genes on phenotypic expression, and the fact that for any
particular gene, there can be dozens (or more) of different mutations. There clearly are more
molecularly pathologic mutations within a particular gene, but cohort studies have been
underpowered to detect clinically-meaningful differences.

Published data do demonstrate that compound (i.e. multiple) mutations, which may
affect up to 5% of HCM patients,(52,53) typically result in more symptomatic clinical courses,
and these patients may be more likely to go on to develop a dilated phenotype. Genotype+
patients are more likely to have particular clinical characteristics (younger age at presentation, a
family history of HCM or SCD, and greater wall thickness).(54) Finally, although ventricular
morphology cannot be predicted by genotype (indeed, multiple ventricular morphologies can
coexist within the same family), the likelihood of finding a genetic mutation is dependent on
ventricular morphology (Figure 16).(2,55) In this way, imaging and basic demographics can be
helpful to decide on the potential yield of genetic testing.(56)

Figure 16: Relationship between ventricular morphology and

Genetic Testing

yield of genetic testing.(2)
The first commercial
vendor for genetic testing in
HCM appeared in 2003 and
currently there are several
available for physicians to
8% Gene+ 79% Gene+ 30% Gene+ 41% Gene+ choose from. The cost of
testing is in the range of
$4000-5000, but vendors work with the patient’s insurance and the out-of-pocket expense, e.g.
with Familion and GeneDx, for patients with private insurance is often only between $50-100.
Ordering commercial genetic testing for uninsured or Medicare patients will likely be probably
cost-prohibitive to the patient. The turn-around time is generally 8-16 weeks (depending on the
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number of panels ordered), but results are available within a month for follow-up testing when a
known genetic mutation has been identified in a family member. The yield of genetic testing is
generally between 30-60%, largely depending on whether a family history is present.(53)

The genotype-positive, phenotype neqgative patient

The availability of genetic testing has given rise to a new classification of HCM patient:
one who has who has a positive genetic screen but no clinical evidence of HCM. Long-term
follow-up of this patient population is limited, so management is generally done on a case-by-
case basis. Guidelines recommend clinical screening intervals similar to those used when
genetic data is unavailable. This is important because there appears to be an age-related
phenotypic expression of HCM. MRI may identify myocardial abnormalities which never (or only
later) become evident on echocardiography(57) and is more sensitive in detecting more subtle
degrees of LV hypertrophy in previously-regarded phenotype negative patients.(58)

The Future

Despite significant advances in our understanding of HCM over the past century, clinical care
and treatment options have not changed substantially the past 50 years. A recent working group
of the NHLBI has outlined several of the research priorities for HCM, and has highlighted the
particular need for high quality clinical trials and novel therapeutic agents.(59)

Medical Therapy
GS-6615

In the Spring of 2014, Gilead announced that it was starting a clinical trial entitled, “A
Phase 2/3, Randomized, Double-Blind, Placebo-Controlled Study to Evaluate the Effect of GS-
6615 on Exercise Capacity in Subjects with Symptomatic Hypertrophic Cardiomyopathy” that
will evaluate the utility of GS-6615, a novel selective inhibitor of the late sodium current, in the
symptomatic management of patients with hypertrophic cardiomyopathy. Key study inclusion
criteria for the study are HCM with a maximal septal wall thickness =215mm, exertional
symptoms of chest pain or dyspnea, and a peak oxygen consumption (VO,) <75% predicted at
screening. The main outcome measure will be a change in peak VO, at 12 weeks. Several
clinically-meaningful secondary endpoints will also be studied

Rationale for the Study

Under normal conditions, the sodium channels are activated during the upstroke of the
action potential, leading to sodium flux into the cell. These channels are quickly inactivated, so
the residual amount of late sodium current is low. Under several pathological states, including
HCM, late sodium current is increased. This leads to consequent calcium-overload through
activation of the Na‘/Ca®*-exchanger. These effects lead to an increase in early- and late after-
depolarizations, which are markers of arrhythmogenic potential, and lead to elevated
intracellular diastolic calcium concentrations. High intracellular calcium levels presumably result
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in persistent Ca?*-activated cross-bridging of the contractile apparatus and lead to sustained
activation of Ca**/calmodulin kinase Il further potentiating this process. These molecular events
may be linked to diastolic dysfunction. These abnormalities could be reversed with ranolazine, a
commercially available, non-selective sodium-channel blocker.(60)

Randomized Clinical Trials

In addition to novel therapeutic agents, randomized clinical trials of medical
management strategies are needed. Relatively simple questions, such as whether B-blockers or
calcium channel blockers or both should be first line treatments have not been adequately
answered. Similarly, we do not know whether medical treatment of the asymptomatic patient is
useful. To address these questions, larger networks of clinical trial sites will need to be
established.

Lifestyle Modification

We know that most patients with HCM will perform below expected on cardiopulmonary
exercise testing, and despite the potential benefits of fithess training, many HCM patients
purposely avoid exercise. This has been, in part, because of a lack of clarity regarding whether
exercise is safe in this population. Although this has partially been addressed in the latest
ACC/AHA guidelines which lists allowable activities, considerable ambiguity remains.
Furthermore, it has been demonstrated that obesity is associated with a higher degree of LV
mass,(61) suggesting that improving patient’s activity level may impact their hypertrophy. An
important question is whether exercise training is safe and effective in impacting symptoms in
HCM.

UTSW HCM Clinic
What about HCM and the future of UTSW?

In 2014, we began a dedicated HCM clinic in the Clinical Heart Center in Professional Office
Building 2 as part of a broader cardiovascular genetics initiative within the Division of
Cardiology. Here in North Texas, we are probably the largest U.S. metro area without a
dedicated HCM center. The goals of the clinic are to improve and standardize the care of
patients living with HCM by providing comprehensive clinical, imaging, and procedural services,
familial screening and genetics counseling. In addition, industry-sponsored and local research
activities are high priorities. An immediate goal is to achieve HCM Association accreditation as a
Center of Excellence to enhance regional visibility and referrals.

Conclusions

HCM continues to fascinate physicians because of the variety of its presentations- from entirely
asymptomatic to the most dramatic. It is common enough that practitioners need to be aware of
the basics of management. Despite a relatively high level of research interest, much of the
management is largely unchanged over the past 40-50 years, in distinction to other areas of
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cardiovascular care. This is, paradoxically, precisely of the features which make it interesting in
the first place- its relative rarity and the variability in its clinical presentations. Research priorities
for HCM have been laid out. Present day HCM clinicians need to reflect on the teamwork,
inspiration and dedication that characterized the clinician-researchers of the past to ensure
clinically meaningful advancements in the field in the future.

References

1. Morrow AG, Reitz BA, Epstein SE et al. Operative treatment in hypertrophic subaortic stenosis. Techniques,
and the results of pre and postoperative assessments in 83 patients. Circulation 1975;52:88-102.

2. Binder J, Ommen SR, Gersh BJ et al. Echocardiography-guided genetic testing in hypertrophic

cardiomyopathy: septal morphological features predict the presence of myofilament mutations. Mayo Clinic
proceedings 2006;81:459-67.

3. Qin JX, Shiota T, Lever HM et al. Outcome of patients with hypertrophic obstructive cardiomyopathy after
percutaneous transluminal septal myocardial ablation and septal myectomy surgery. Journal of the
American College of Cardiology 2001;38:1994-2000.

4. Turer AT, Samad Z, Valente AM et al. Anatomic and clinical correlates of septal morphology in hypertrophic
cardiomyopathy. European journal of echocardiography : the journal of the Working Group on
Echocardiography of the European Society of Cardiology 2011;12:131-9.

5. Maron BJ, Spirito P, Shen WK et al. Implantable cardioverter-defibrillators and prevention of sudden cardiac
death in hypertrophic cardiomyopathy. JAMA : the journal of the American Medical Association
2007;298:405-12.

6. Teare D. Asymmetrical hypertrophy of the heart in young adults. British heart journal 1958;20:1-8.

7. Cohen LS, Braunwald E. Amelioration of angina pectoris in idiopathic hypertrophic subaortic stenosis with
beta-adrenergic blockade. Circulation 1967;35:847-51.

8. Pollick C. Muscular subaortic stenosis: hemodynamic and clinical improvement after disopyramide. The New
England journal of medicine 1982;307:997-9.

9. Maron BJ, Gardin JM, Flack JM, Gidding SS, Kurosaki TT, Bild DE. Prevalence of hypertrophic

cardiomyopathy in a general population of young adults. Echocardiographic analysis of 4111 subjects in the
CARDIA Study. Coronary Artery Risk Development in (Young) Adults. Circulation 1995;92:785-9.

10. Maron BJ, Casey SA, Poliac LC, Gohman TE, Almquist AK, Aeppli DM. Clinical course of hypertrophic
cardiomyopathy in a regional United States cohort. JAMA : the journal of the American Medical Association
1999;281:650-5.

11. Schmincke A. Ueber linkseitige muskulose conustenosen. Deutsche Med Wochenschr 1907;33:2082—-2085.

12. Cabot R. Case records of the Massachusetts General Hospital: Dyspnea for six days. New England Journal
of Medicine 1931;205:1199-1204.

13. Morrow AG, Braunwald E. Functional aortic stenosis; a malformation characterized by resistance to left
ventricular outflow without anatomic obstruction. Circulation 1959;20:181-9.

14. Brock R. Functional obstruction of the left ventricle (acquired aortic subvalvar stenosis). Guy's Hospital
reports 1959;108:126-43.

15. Braunwald E MA, Cornell WP, Aygen MM, Hilbish TF. Idiopathic hypertrophic subaortic stenosis: Clinical,
hemodynamic, and angiographic manifestations. The American journal of medicine 1960;29:924-945.

16. Braunwald E, Brockenbrough EC, Frye RL. Studies on digitalis. V. Comparison of the effects of ouabain on

left ventricular dynamics in valvular aortic stenosis and hypertrophic subaortic stenosis. Circulation
1962;26:166-73.

17. Braunwald E, Ebert PA. Hemodynamic alterations in idiopathic hypertrophic subaortic stenosis induced by
sympathomimetic drugs. The American journal of cardiology 1962;10:489-95.
18. Braunwald E, Oldham HN, Jr., Ross J, Jr., Linhart JW, Mason DT, Fort L, 3rd. The Circulatory Response of

Patients with Idiopathic Hypertrophic Subaortic Stenosis to Nitroglycerin and to the Valsalva Maneuver.
Circulation 1964;29:422-31.

19. Brockenbrough EC BE, Morrow AG. A hemodynamic technic for the detection of hypertrophic subaortic
stenosis. Circulation 1961;23:189-194.

20. Frank S, Braunwald E. Idiopathic hypertrophic subaortic stenosis. Clinical analysis of 126 patients with
emphasis on the natural history. Circulation 1968;37:759-88.

21. Criley JM, Lewis KB, White RI, Jr., Ross RS. Pressure gradients without obstruction. A new concept of
"hypertrophic subaortic stenosis". Circulation 1965;32:881-7.

22. Shah PM, Gramiak R, Kramer DH. Ultrasound localization of left ventricular outflow obstruction in

hypertrophic obstructive cardiomyopathy. Circulation 1969;40:3-11.

19



23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Henry WL, Clark CE, Glancy DL, Epstein SE. Echocardiographic measurement of the left ventricular outflow
gradient in idiopathic hypertrophic subaortic stenosis. The New England journal of medicine 1973;288:989-
93.

Higgins CB, Byrd BF, 3rd, Stark D et al. Magnetic resonance imaging in hypertrophic cardiomyopathy. The
American journal of cardiology 1985;55:1121-6.

Choudhury L, Mahrholdt H, Wagner A et al. Myocardial scarring in asymptomatic or mildly symptomatic
patients with hypertrophic cardiomyopathy. Journal of the American College of Cardiology 2002;40:2156-64.
Moon JC, Reed E, Sheppard MN et al. The histologic basis of late gadolinium enhancement cardiovascular
magnetic resonance in hypertrophic cardiomyopathy. Journal of the American College of Cardiology
2004;43:2260-4.

Basso C, Thiene G, Corrado D, Buja G, Melacini P, Nava A. Hypertrophic cardiomyopathy and sudden
death in the young: pathologic evidence of myocardial ischemia. Human pathology 2000;31:988-98.
Adabag AS, Maron BJ, Appelbaum E et al. Occurrence and frequency of arrhythmias in hypertrophic
cardiomyopathy in relation to delayed enhancement on cardiovascular magnetic resonance. Journal of the
American College of Cardiology 2008;51:1369-74.

Maron MS, Appelbaum E, Harrigan CJ et al. Clinical profile and significance of delayed enhancement in
hypertrophic cardiomyopathy. Circulation Heart failure 2008;1:184-91.

O'Hanlon R, Grasso A, Roughton M et al. Prognostic significance of myocardial fibrosis in hypertrophic
cardiomyopathy. Journal of the American College of Cardiology 2010;56:867-74.

Bruder O, Wagner A, Jensen CJ et al. Myocardial scar visualized by cardiovascular magnetic resonance
imaging predicts major adverse events in patients with hypertrophic cardiomyopathy. Journal of the
American College of Cardiology 2010;56:875-87.

Kaltenbach M, Hopf R, Kober G, Bussmann WD, Keller M, Petersen Y. Treatment of hypertrophic
obstructive cardiomyopathy with verapamil. British heart journal 1979;42:35-42.

Kaltenbach M, Hopf R, Keller M. [Treatment of hypertrophic obstructive cardiomyopathy with verapamil, a
calcium antagonist (author's transl)]. Deutsche medizinische Wochenschrift 1976;101:1284-7.

Pollick C, Kimball B, Henderson M, Wigle ED. Disopyramide in hypertrophic cardiomyopathy. I.
Hemodynamic assessment after intravenous administration. The American journal of cardiology
1988;62:1248-51.

Sherrid MV, Barac I, McKenna WJ et al. Multicenter study of the efficacy and safety of disopyramide in
obstructive hypertrophic cardiomyopathy. Journal of the American College of Cardiology 2005;45:1251-8.
Gersh BJ, Maron BJ, Bonow RO et al. 2011 ACCF/AHA guideline for the diagnosis and treatment of
hypertrophic cardiomyopathy: executive summary: a report of the American College of Cardiology
Foundation/American Heart Association Task Force on Practice Guidelines. Circulation 2011;124:2761-96.
Morrow AG, Lambrew CT, Braunwald E. Idiopathic Hypertrophic Subaortic Stenosis. li. Operative Treatment
and the Results of Pre- and Postoperative Hemodynamic Evaluations. Circulation 1964;30:SUPPL 4:120-51.
Morrow AG, Brockenbrough EC. Surgical treatment of idiopathic hypertrophic subaortic stenosis: technic
and hemodynamic results of subaortic ventriculomyotomy. Annals of surgery 1961;154:181-9.

Morrow AG, Fogarty TJ, Hannah H, 3rd, Braunwald E. Operative treatment in idiopathic hypertrophic
subaortic stenosis. Techniques, and the results of preoperative and postoperative clinical and hemodynamic
assessments. Circulation 1968;37:589-96.

Schaff HV, Brown ML, Dearani JA et al. Apical myectomy: a new surgical technique for management of
severely symptomatic patients with apical hypertrophic cardiomyopathy. The Journal of thoracic and
cardiovascular surgery 2010;139:634-40.

Sigwart U. Non-surgical myocardial reduction for hypertrophic obstructive cardiomyopathy. Lancet
1995;346:211-4.

Leonardi RA, Kransdorf EP, Simel DL, Wang A. Meta-analyses of septal reduction therapies for obstructive
hypertrophic cardiomyopathy: comparative rates of overall mortality and sudden cardiac death after
treatment. Circulation Cardiovascular interventions 2010;3:97-104.

Sorajja P, Ommen SR, Holmes DR, Jr. et al. Survival after alcohol septal ablation for obstructive
hypertrophic cardiomyopathy. Circulation 2012;126:2374-80.

Elliott PM, Sharma S, Varnava A, Poloniecki J, Rowland E, McKenna WJ. Survival after cardiac arrest or
sustained ventricular tachycardia in patients with hypertrophic cardiomyopathy. Journal of the American
College of Cardiology 1999;33:1596-601.

Cecchi F, Maron BJ, Epstein SE. Long-term outcome of patients with hypertrophic cardiomyopathy
successfully resuscitated after cardiac arrest. Journal of the American College of Cardiology 1989;13:1283-
8.

Maron BJ, Shen WK, Link MS et al. Efficacy of implantable cardioverter-defibrillators for the prevention of
sudden death in patients with hypertrophic cardiomyopathy. The New England journal of medicine
2000;342:365-73.

20



47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Spirito P, Chiarella F, Carratino L, Berisso MZ, Bellotti P, Vecchio C. Clinical course and prognosis of
hypertrophic cardiomyopathy in an outpatient population. The New England journal of medicine
1989;320:749-55.

Maron BJ, Olivotto I, Spirito P et al. Epidemiology of hypertrophic cardiomyopathy-related death: revisited in
a large non-referral-based patient population. Circulation 2000;102:858-64.

Pare JA, Fraser RG, Pirozynski WJ, Shanks JA, Stubington D. Hereditary cardiovascular dysplasia. A form
of familial cardiomyopathy. The American journal of medicine 1961;31:37-62.

Geisterfer-Lowrance AA, Kass S, Tanigawa G et al. A molecular basis for familial hypertrophic
cardiomyopathy: a beta cardiac myosin heavy chain gene missense mutation. Cell 1990;62:999-1006.
Solomon SD, Jarcho JA, McKenna W et al. Familial hypertrophic cardiomyopathy is a genetically
heterogeneous disease. The Journal of clinical investigation 1990;86:993-9.

Maron BJ, Maron MS, Semsarian C. Genetics of hypertrophic cardiomyopathy after 20 years: clinical
perspectives. Journal of the American College of Cardiology 2012;60:705-15.

Ho CY. Genetic considerations in hypertrophic cardiomyopathy. Progress in cardiovascular diseases
2012;54:456-60.

Lopes LR, Rahman MS, Elliott PM. A systematic review and meta-analysis of genotype-phenotype
associations in patients with hypertrophic cardiomyopathy caused by sarcomeric protein mutations. Heart
2013;99:1800-11.

Gruner C, Care M, Siminovitch K et al. Sarcomere protein gene mutations in patients with apical
hypertrophic cardiomyopathy. Circulation Cardiovascular genetics 2011;4:288-95.

Gruner C, lvanov J, Care M et al. Toronto hypertrophic cardiomyopathy genotype score for prediction of a
positive genotype in hypertrophic cardiomyopathy. Circulation Cardiovascular genetics 2013;6:19-26.
Captur G, Lopes L, Patel V et al. Abnormal Cardiac Formation in Hypertrophic Cardiomyopathy - Fractal
Analysis of Trabeculae and Preclinical Gene Expression. Circulation Cardiovascular genetics 2014.
Valente AM, Lakdawala NK, Powell AJ et al. Comparison of echocardiographic and cardiac magnetic
resonance imaging in hypertrophic cardiomyopathy sarcomere mutation carriers without left ventricular
hypertrophy. Circulation Cardiovascular genetics 2013;6:230-7.

Force T, Bonow RO, Houser SR et al. Research priorities in hypertrophic cardiomyopathy: report of a
Working Group of the National Heart, Lung, and Blood Institute. Circulation 2010;122:1130-3.

Coppini R, Ferrantini C, Yao L et al. Late sodium current inhibition reverses electromechanical dysfunction in
human hypertrophic cardiomyopathy. Circulation 2013;127:575-84.

Olivotto I, Maron BJ, Tomberli B et al. Obesity and its association to phenotype and clinical course in
hypertrophic cardiomyopathy. Journal of the American College of Cardiology 2013;62:449-57.

21



