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ABSTRACT

Hypertrophic cardiomyopathy (HCM) is a relatively common disease in the general population, with estimated
prevalence of 1:500. HCM is caused by mutations in genes encoding sarcomere, a contractile element of
cardiomyocyte. Most patients with an HCM-causing mutation have left ventricular hypertrophy (LVH). The
severity of LVH is variable, and LVH-modifying factors are largely unknown. HCM is usually benign, but it is
associated with increased risk for sudden cardiac death due to malignant arrhythmias in a subgroup of patients. A
safe noninvasive method to characterize HCM patients would be valuable.

In the current study cardiac magnetic resonance imaging (MRI) was used to characterize myocardial anatomy,
systolic function, perfusion and contrast enhancement in 24 patients with HCM caused by the mutation
Aspl75Asn in the a-tropomyosin gene. Single photon emission computed tomography imaging with
radiolabeled metaiodobenzylguanide, which is an analogue of norepinephrine and acts as a neurotransmitter in
the adrenergic system, was used to assess cardiac adrenergic activity.

The maximal wall thickness of the left ventricle (V) varied from normal to severely hypertrophied. The
global ejection fraction in patients with HCM was preserved, but the proportion of hypokinetic segments was
increased. The increase in hypokinetic segments was the most important correlate of LVH, supporting the
hypothesis that cardiomyocyte systolic dysfunction acts as an initiatior in cascade leading to LVH. In perfusion
imaging, an impaired ability to increase myocardial perfusion during adenosine-induced vasodilatation was
found. This impairment was also associated with the severity of LVH. The enhancement of the LV myocardium
by a gadolinium-diethylenetriaminepentaacetic-acid contrast agent was heterogeneous, indicating that the
extracellular space in the LV myocardium is increased in patients with HCM. Enhancement heterogeneity was
associated with a biochemical marker of myocardial fibrosis (aminoterminal propeptide of type III collagen),
suggesting that the increased extracellular space is caused by myocardial fibrosis. Finally, turnover of a
radiolabeled norepinephrine analogue was increased in patients with HCM. The turnover was also associated
with the degree of LVH, supporting hypothesis adrenergic innervation contributes to the pathogenesis of LVH in
patients with HCM.

The present study shows that cardiac MRI can noninvasively provide multispectral characterization of cardiac
anatomy and function without radiation exposure in patients with HCM. Cardiac MRI can be used not only in the
characterization of individual patients with HCM but also in the examination of the pathophysiology of HCM,
especially when cardiac MRI data is interpreted in conjunction with functional data provided by scintigraphic

imaging.

National Library of Medicine Classification: WG 280, WG 141.5.M2, WN 185

Medical subject headings: cardiomyopathy, hypertrophic, familial; genetics; tropomyosin; magnetic resonance
imaging; hypertrophy, left ventricular; perfusion; fibrosis; contrast media; procollagen type III-N-terminal
peptide; tomography, emission-computed, single-photon; norepinephrine/analog and derivatives; 3-
iodobenzylguanidine
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ABBREVIATIONS

AU = arbitrary units

ECG = electrocardiogram

EF = gjection fraction

FPR = first-pass reserve index

FW = free wall

Gd-DTPA = gadolinium diethylenetriaminepentaacetic acid
HCM = hypertrophic cardiomyopathy

H/M = heart-to-mediastinum

LV = left ventricle; left ventricular

LVH = left ventricular hypertrophy

MIBG = metaiodobenzylguanide

MR = magnetic resonance

MRI = magnetic resonance imaging

MWT = maximal wall thickness

PIIINP = aminoterminal propeptide of type Il collagen
SD = standard deviation

SPECT = single photon emission computed tomography
TE = echo time

TPM1-Asp175Asn = HCM-causing mutation Asp175Asn in the a-tropomyosin

gene

TR = repetition time
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1. INTRODUCTION

Hypertrophic cardiomyopathy (HCM) is a relatively common disease (incidence
1:500) that is characterized by left ventricular (LV) hypertrophy in subjects without
other causes such as essential hypertension or aortic stenosis (1-3). During the last
decade, HCM has been found to be caused by variable mutations in the contractile
element of cardiomyocyte, sarcomere (3-5), and it has been found to be the most
common genetically transmitted heart disease.

Transthoracic echocardiography is a clinical standard in the evaluation of a
patient with HCM. It usually facilitates the evaluation of LV septal wall thickness, LV
outflow tract obstruction and cardiac systolic and diastolic function.
Echocardiography, however, is restricted by a variable acoustic window, inadequate
LV wall visualization in more distant areas, and inaccuracy of the evaluation of LV
mass in patients with asymmetric hypertrophy (6, 7). Cardiac magnetic resonance
imaging (MRI), in contrast, provides a comprehensive evaluation of LV function, LV
wall thickness and LV mass in patients with HCM (6-9). In addition, MRI with contrast
agents provides the potential to study myocardial perfusion abnormalities and
myocardial fibrosis, which are pathological features in patients with HCM (1, 3).

Therefore, in the present study, we used multispectral cardiac MRI (anatomy,
cine, perfusion, and contrast enhancement) to characterize patients with HCM
attributable to a single HCM-causing mutation Asp175Asn in the a-tropomyosin gene.
We studied the correlates of LVH, especially the role of adrenergic activity measured
by single photon emission computed tomography (SPECT) with the radiolabeled
norepinephrine analogue metaiodobenzylguanide (MIBG). We measured myocardial

perfusion noninvasively without radiation exposure, and we investigated the
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relationship of late-enhancement on gadolinium diethylenetriaminepentaacetic acid
(Gd-DTPA) enhanced MRI proposed to represent myocardial fibrosis and
aminoterminal propeptide of type Il collagen (PIIINP) measured of peripheral blood

samples.
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2. REVIEW OF LITERATURE
2.1. Definition of HCM

The pathology of HCM was first described by French and German pathologists in
the mid 19" and early 20" century (10-12), and modern attention to this disease was
brought by Brock and Teare 50 years ago (13, 14). HCM is defined as LV and/or right
ventricular hypertrophy without evident causes such as hypertension or LV outflow
tract obstruction (Fig 1). Microscopically, hypertrophy is associated with myocardial
fiber disarray and fibrosis (1). HCM is a primary and usually familial cardiac disease
characterized by a complex pathophysiology and great heterogeneity in its

morphological, functional, and clinical features.

Figure 1. Photograph of the pathology specimen shows the extensive LV septal

hypertrophy in a patient with HCM.

2.2. Epidemiology of HCM

In most epidemiological studies, relatively strict morphologic criteria for HCM (i.e.,
LV wall thickness = 15 mm) could have excluded patients with mild morphologic

expressions of the disease (15). According to these criteria, epidemiological



22

investigations with diverse study designs have shown similar estimates for the
prevalence of phenotypically expressed HCM in the adult general population of about
0.2% — 0.3% (1:500 — 1:333) (16-18). In a recent large study among Chinese, a less
restrictive cutoff of = 13 mm for LV wall thickness was used, but a similar prevalence
was noted: the disease phenotype for HCM was identified in 0.16% of subjects (19).
In routine cardiologic practice, HCM is relatively uncommon. Among 714
consecutively studied outpatients with heart disease or suspected heart disease,

HCM was found in 0.5% of patients (20).

2.3. Clinical diagnosis of HCM

Conventionally, the clinical diagnosis of HCM is usually established with two-
dimensional echocardiography by demonstrating typically asymmetric LVH in the
absence of another cardiac or systemic disease (e.g., hypertension or aortic
stenosis) capable of producing hypertrophy. The usual clinical diagnostic criterion for
HCM is a maximal LV wall thickness greater than or equal to 15 mm. In a recent
study, a maximal LV wall thickness greater than or equal to 13 mm was used (19).
McKenna et al. have suggested new diagnostic criteria for the first-degree relatives of
patients with established HCM (21). Relatives with LV end-diastolic wall thickness of
at least 13 mm on two-dimensional echocardiography, or with pathological Q waves,
LVH with repolarization changes, or deep T wave inversions on electrocardiogram
(ECG), are considered clinically affected.

Laboratory DNA analysis for mutant genes is the most definitive method to
establish the diagnosis of HCM. At present, however, there are several difficulties in

the translation of genetic research into practical clinical work. HCM may be caused



23

by multiple different mutations, gene analysis is time-consuming and it requires
expensive laboratory techniques. In addition, it is possible that a subject has a

disease-causing mutation, but no markers of disease can be found (22).

2.4. Genetics of HCM

HCM is familial in 50% of the cases; the rest of the cases are sporadic. HCM is
inherited as a Mendelian autosomal dominant trait, and it is the most common
hereditary cardiac disease.

HCM is a genetically heterogeneous disorder, with 12 distinct chromosomal loci
mapped to date. Disease-causing genes have been identified in all 12 loci: the first
10 of these genes encoded protein components of the cardiac sarcomere (23).
Mutations have been found in four genes that encode components of the thick
filament, in five genes that encode thin filament proteins, and in genes that encode
the sarcomeric cytoskeletal protein titin (23). Over 150 mutations are recognized (4,
15). Overall, known mutations explain about half of the cases. Currently new disease
causing mutations are recognized, and this increases the proportion of the cases with
recognized causative mutation.

In the literature, the predominant HCM-causing genes in decreasing frequency
are myosin-binding protein C, B-myosin heavy chain, and cardiac troponin-T genes
(5, 24-26). In Finland, however, the distribution of HCM causing genes is different.
Cardiac myosin-binding protein C gene and a-tropomyosin gene account for most of
the cases, i.e. 24% and 11%, respectively (27, 28). B-myosin heavy chain mutations
cause 3% of the cases. Figure 2 demonstrates components of the sarcomere.

There are several other diseases that cause thickening of LV, but are not related

to sarcomere mutations. These diseases are usually metabolic storage diseases or
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are related to disturbances in other cell organs than myocyte sarcomere (for example
mutations in the gene encoding the gamma-2-regulatory subunit of the AMP-
activated protein kinase, Noonan's syndrome, mitochondrial myopathies, Friedreich's
ataxia, metabolic disorders, X-inked deficiency of the lysosomal enzyme a-
galactosidase, LV non-compaction, and cardiac amyloidosis). These diseases are

usually distinguished from HCM (15, 23).

Troponin T

Troponin C -
Troponin | a-tropomyosin

o
g
[ ]
(an
=

-myosin heavy chain

Myosin binding protein C

Figure 2. Components of the sarcomere. Cardiac contraction occurs when calcium
binds to the troponin complex (subunits C, I, and T) and o-tropomyosin, making
possible the myosin—actin interaction. In HCM, mutations may alter protein

interactions and contraction properties of the sarcomere (2, 23).
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2.5. Histological features in HCM
2.5.1. Myocardial fibrosis

In patients with HCM, both replacement fibrosis (discrete collagen-filled scars
visible also to the naked eye) and diffuse interstitial fibrosis (microscopic fibrosis)
have been found (29-31). The size of discrete collagen-filled scars has typically been
from 5 to 10 mm and scars have been found in half of the HCM patients (31).

In the normal human heart, collagen matrix includes the sheath of connective
tissue enveloping bundles of muscle fibers and sarcolemma of individual muscle cells
(30). Interstitial fibrosis in HCM patients is characterized as thickened pericellular
collagen encasing cardiac muscle cells (30). In addition, fiber components of the
matrix have shown a disorganized arrangement compared with normal heart tissue,
particularly in areas of cardiac muscle cell disarray (30).

In the histopathological study by Tanaka et al., the percentage area of fibrosis in
patients with HCM was 13.1 £ 4.8% (compared to 1.1 £ 0.5% in controls) (32). In a
study of adults and young children with HCM who died suddenly, an eightfold amount
of matrix collagen was found compared to normal controls (14.1 £ 8.8% vs. 1.8 +
1%), and a threefold increase compared to patients with hypertension (30).

Tanaka et al. studied myocardial fibrosis between LV septum and free wall (32).
The authors found that the percentage area of fibrosis was higher in the LV septum
than in the free wall, but that the percentage area of fibrosis was increased also in
the LV free wall and right ventricular wall when compared to controls (32).

In normal subjects, interstitial collagen is evenly distributed throughout the middle,
inner {adjacent to LV) and outer {adjacent to right ventricle) one-thirds of the septal
tissue sections (30). Shirani et al. found more pronounced fibrosis in the middle one-

third of the transmural tissue sections (49 + 9%) than in either the inner (34 + 13%) or
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outer (17 + 12%) one-third (30) in patients with HCM. Such differences between
different LV layers, however, have not been found in all studies (29, 32).

Increased heart weight, LV dilatation and male gender are associated with
increased fibrosis in histopathological studies (29, 31, 33). The most fibrosis has
been found in patients with a dilated type of HCM (29, 31), and its percentage area
has been as much as 37% of total myocardial area and even over 90% in the most
affected segments (29). No difference in left atrial fibrosis has been found between
HCM patients with and without left atrial dilatation (31). Table 1 summarizes

myocardial fibrosis in histopathological studies.
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Little is known about the differences in the amount of fibrosis between different
genotypes. There is some evidence, however, that myocardial fibrosis in patients
with defects in troponin T gene is less pronounced as compared to other gene
defects (33).

Myocardial fibrosis is suggested to play a crucial role in the pathophysiclogy of
arrhythmias in HCM. The results of the studies on association of sudden cardiac
death risk and fibrosis are contradictory, however. In a study by lida et al. myocardial
fibrosis was much greater in HCM patients who suffered sudden cardiac death than
in HCM patients with non-cardiac death (29). In contrast, in a large study by Varnava
et al. none of the patients aged under 21 years of age had large macroscopic scars,
whereas half of the older patients had such scars (34). In a retrospective analysis,
however, microscopic fibrosis associated with markers of arrhythmia such as with
history of non-sustained ventricular tachycardia or with placement into high-risk zone
on paced fractionation testing. In the study by Varnava et al. HCM patients who died
of heart failure had more fibrosis than the other HCM patients (34).

Myocardial ischemia (35), production of autocrine fibrotic factors and apoptosis

(34) have been suggested as factors behind myocardial fibrosis in HCM.

2.5.2. Myocyte disarray

In histopathological samples, a hallmark of HCM is myocyte disarray and it has
been used as a specific marker of the disease (32, 33, 36). In myocyte disarray,
cellular disorganization can be seen: longitudinally sectioned cells, or bundles of
cells, are aligned perpendicularly or obliquely, or cells are interlaced among
transversely ariented cells (30). Some myocyte disarray can be found also in healthy

subjects. In normal hearts, however, foci are small and scattered and occupy 2 £ 1%
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of septal tissue sections (30). In HCM patients, cellular disarray may be widely
distributed, occupying substantial portions of LV, and also RV wall (average, 33% - in
some segments over 90%) (29, 34).

Disarray variation within the heart can be substantial (from under 10% in one
section to 90% in another). Marked variation in myocyte disarray can be seen even
within a single histopathological section, so that that severely disarrayed myocytes
have been found to lie adjacent to normally sized and aligned myocytes (29, 37).

Maron et al. and lida et al. found greatest myocyte disarray in LV septum (mean
40%, range 0 - 95%) in patients with HCM (29, 37). Somewhat less disarray was
seen in anterolateral and posterolateral free walls (37). No disarray has been seen in
the left atrial free wall (31).

Myocyte disarray has not been found to be different between thin (< 15 mm) and
thick (> 30 mm) segments of the LV (38). In correlation analysis within a single heart,
no association between LV wall thickness and myocyte disarray has been found
either (38). Moreover, in analyses comparing patients, no positive relationships
between the LV wall thickness, heart mass and degree of myocyte disarray have
been found (31, 38). In contrast, myocyte disarray has been found to be greater in
hearts with maximum LV wall thickness of < 20 mm than in those LV wall thickness
> 20 mm (31). In HCM patients caused by a troponin-T gene defect, characterized by
poor prognosis and mild LVH, the myocyte disarray is extensive, even more
pronounced than in other gene defects (33). All these findings suggest differences in
pathophysiological pathways in the development of myocyte disarray and LVH in

patients with HCM.
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No significant difference in the severity of disarray has been observed between
male and female patients (31). Disarray has been found to be more prominent in
typical HCM than in the dilated type of HCM (31).

The amount of disarray associates with correlates of sudden cardiac death such
as the number of family members suffering sudden cardiac death before the age of
40 years, symptom onset before the age of 21 years, or an abnormal response to
exercise (34). Myocyte disarray has not been found to increase with age (34). In
contrast, the most pronounced disarray has been found in young patients who die of
their disease (for example up to 80% of the myocardium in a six-year-old patient)
(31). As the amount of disarray is associated with chest pain, it is considered as a
potential causative factor behind myocardial ischemia, promoting inefficient

contraction leading to increasing energy demand (34).

2.5.3. Coronary artery abnormalities

Coronary artery abnormalities have been frequently described in histopathological
studies of HCM patients. The most common abnormalities are decreased arterial
lumina, but dilated lumina have also been found (35, 39, 40). Arterial walls are
usually thickened, and the external diameter of the vessel has been found to be
increased (35, 39). Increased wall thickness, which may be asymmetric, is caused by
proliferation of medial or intimal components, particularly smooth muscle cells and
collagen (30, 35). Increased number of elastic fibers and mucoid deposits have also
been found (35). In addition, collagen matrix in perivascular adventitia have been
found to be increased (30). Another reported abnormality is somewhat decreased

capillary density (40).
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Abnormal intramural coronary arteries have been found in the majority of HCM
patients and also in infants suffering from HCM (35). Most often abnormal vessels
have been found in LV septum (35), and at that segment abnormalities have been
found to be the most marked (39). No abnormal vessels have been found in atria
(31).

Both Varnava et al. and Tanaka et al. found that a small percentual vessel lumen
area associates with increased heart weight (31, 39). In addition, Varnava et al.
found that small vessel disease associates with segmental thickness within individual
heart (35). In contrast, Maron et al. found no association between LV wall thickness
and the frequency of abnormal arteries (31). No correlation between small vessel
disease and disarray has been found (35, 39). The results of the association between
small vessel disease and fibrosis are contradictory (35, 39). Severely dysplastic small
vessels have been found in areas without marked fibrosis, while sections with
widespread fibrosis often contained normal small vessels (35, 39). On the other hand,
the correlation between small luminal area and the amount of myocardial fibrosis has
also been found (35, 39). Krams et al. found that small arteriolar lumen size is
associated with impaired coronary flow reserve, decreased capillary density and
increased LV hypertrophy (40).

To conclude, abnormal intramural coronary arteries, characterized by thickened
walls with increased intimal and medial collagen and a narrowed lumen, are
characteristic in patients with HCM. These architectural alterations of the
microvasculature are supposed to be one of the causative factors to explain the low

coronary vasodilator reserve in patients with HCM.
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2.6. Clinical course in HCM
2.6.1. Development of LVH

LV wall thickening often does not appear until adolescence, and phenotypic
expression may not be complete until full growth and maturation is achieved;
therefore, many children with HCM will not show LV wall thickening identifiable by
2-dimensional echocardiography before adolescence (41-43). Although it appears
that the remodeling process is usually overtly complete by about the age of 18 years,
one serial echocardiographic study in patients with mutations in myosin-binding
protein C gene has demonstrated a delayed appearance of LVH in mid-life and even
later (44). Elderly HCM patients (> 75 years) have been reported to compose as

much as 25% of an HCM cohort (45).

2.6.2. Symptoms and risk of sudden cardiac death

The clinical course in patients with HCM is highly variable, with some patients
remain asymptomatic throughout life and others develop severe symptoms of heart
failure; some die prematurely, either suddenly (often in the absence of prior
symptoms) or due to progressive heart failure (1-3, 15). HCM appears to be a more
benign condition in unselected patient populations, which are more representative of
the overall disease spectrum, than in those patients who are part of preferentially
selected and high-risk cohorts from a few tertiary referral centers (3).

Clinical symptoms in patients with HCM are variable. Many patients are
asymptomatic. Exertional dyspnea and disability, often associated with chest pain,
dizziness, presyncope and syncope, usually occur. Chest pain may be typical of
angina pectoris or atypical (occurs without exertion or is prolonged > 30 minutes) in

character (2, 46). Patients may have impaired exercise performance with reduced
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oxygen consumption at peak exercise (15). Women with HCM generally experience
little difficulty during pregnancy and delivery, with the exception of some of those with
advanced disease (47). In patients with obstructive HCM symptoms such as
dyspnea, angina, presyncope and/or syncope on exertion, may be more severe.
Congestive heart failure is rarely seen in HCM in normal sinus rhythm, but it may be
seen in patients with severe obstruction to outflow or in patients with severe systolic
and/or diastolic dysfunction, and in the presence of atrial fibrillation (3).

Patients with HCM have an increased risk for sudden cardiac death. The risk of
sudden cardiac death has perhaps been overestimated because frequently cited
studies are based on tertiary-center experience (annual mortality rates of 3% to 6%).
Recent reports throughout the last 7 years from less selected regional or community-
based HCM patient cohorts cite much lower annual mortality rates of about 1%, not
dissimilar to that for the general adult US population (1-3, 15). Studies of HCM in
children report annual mortality rates of 2% (community-based populations) to 6%
(tertiary referral cohorts) (3).

Although annual mortality rate within the broad spectrum of patients with HCM is
similar to that of normal population, there exist small subset of patients at a much
higher risk (perhaps at least 5% annually) (3). Sudden death occurs most commonly
in children and young adults, and the risk extends across a wide age range through
midlife and beyond (48). Sudden death can be the initial manifestation of HCM, and
such patients usually have no or only mild prior symptoms (3). The majority of HCM
patients (55%) do not demonstrate any of the acknowledged risk factors, and it is
exceedingly uncommon for such patients to die suddenly (49). The highest risk for
sudden death in HCM has been associated with any of the following noninvasive

clinical markers: prior cardiac arrest or spontaneous sustained ventricular
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tachycardia, family history of premature HCM-related death, syncope, bursts of
nonsustained ventricular tachycardia on serial ambulatory (Holter) ECG recordings
hypotensive blood pressure response to exercise, and extreme LVH with maximum
wall thickness > 30 mm, particularly in adolescents and young adults. Exceptions to
LVH being a determinant of prognosis in HCM are a few HCM families carrying
troponin T mutations. In these families multiple sudden deaths despite only mild LVH
have been recognized (33, 50, 51). In children with HCM, QT dispersion on ECG,
presence of ventricular tachycardia on ambulatory monitoring, and the presence of
myocardial bridging on coronary angiography have been found to be associated with

reduced survival (52).

2.6.3. Atrial fibrillation

Atrial fibrillation is a common complication of HCM. It has been found in over cne
third of patients at < 50 years of age (3). Usually, atrial fibrillation has been found in
patients with increased size of left atrium. Annual HCM-related mortality is higher in
HCM patients with atrial fibrillation and it is explained by an excess stroke- and heart
failure—related mortality. In a study by Olivotto et al. ischemic stroke was found in
21% of the patients with atrial fibrillation. Ischemic strokes were 8 times more
frequent among HCM patients with atrial fibrillation than among those in sinus rhythm

(53).

2.6.4. LV outflow tract obstruction
Septal hypertrophy may cause obstruction to LV ejection (hypertrophic obstructive
cardiomyopathy), which may be an important cause of limiting symptoms in a

minority of patients. By convention, LV outflow tract obstruction is defined by a
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pressure gradient greater than or equal to 30 mmHg. Above 50 mmHg, the
percentage of ventricular ejection that occurs before mitral-septal contact rapidly
declines (25). In a tertiary center study, LV outflow tract obstruction in children was
found in 59% of patients, with a mean peak instantaneous gradient of 44 + 33 mmHg
(52). The conceptions of clinical importance of LV outflow obstruction are
controversial. LV outflow tract obstruction is commonly found in HCM patients with
advanced age as well suggesting that subaortic gradients may be well tolerated for
long periods without adverse consequences (15). On the other hand, LV outflow tract

obstruction has been linked to increased risk for sudden cardiac death (15).

2.6.5. Treatment of HCM

At present, an implantable cardioverter-defibrillator appears to be the most
effective treatment modality for the high-risk HCM patient (3). In a large multicenter
study, implantable cardioverter-defibrillators aborted potentially lethal ventricular
tachyarrhythmias and restored sinus rhythm in almost 25% of patients throughout a
3-year follow-up. Appropriate device interventions occurred at 11% annually for
secondary prevention (implant following cardiac arrest) and 5% annually for primary
prevention (implant based on risk factors), usually in patients with no or only mild
prior symptoms (54). Historically, drug-based treatment strategies to reduce risk for
sudden death have been used. However, there are only few studies showing that
prophylactic pharmacological strategies and rhythm-modulating drugs can reduce
risk for sudden death (3, 55).

In patients with exertional symptoms of heart failure, it is conventional to initiate
pharmacological therapy with negative inotropic drugs such as (-blockers or

verapamil. Some investigators favor disopyramide (often with B-blockers) for severely
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symptomatic patients with obstruction. Patients who develop severe symptoms of
heart failure associated with systolic dysfunction and deteriorate into the end stage
require alternative drug treatment with diuretics, vasodilators, and digitalis (3, 25).
Amiodarone is effective in preventing atrial fibrillation and thromboembolism in HCM
(3, 25).

In patients with hypertrophic obstructive cardiomyopathy whose symptoms persist
despite treatment, septal myotomy-myectomy can be performed (56). In this surgical
treatment, muscle is removed from the interventricular septum via an aortic
approach. An alternative to surgery is alcohol ablation of the interventricular septum
by using percutaneous transcoronary septal myocardial ablation or transcoronary
alcohol septal ablation (57). Ultimately, cardiac transplantation might be necessary in
patients with refractory heart failure symptoms (25). Figure 3 summarizes the

principal clinical presentations of HCM.
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2.7. Morphology and cardiac function in HCM
2.7.1 LVH
2.7.1.1. LVH location

Heterogeneity in LVH is considerable in HCM. There is no single pattern of LVH
regarded as typical (3). Ventricular septal hypertrophy is the most common type of
asymmetrical hypertrophy in Anglo-Americans (3, 31), whereas apical hypertrophy
has been prevalent in Asian populations (58, 59). Although many patients show
diffusely distributed LVH, almost one third have mild wall thickening localized to a
single segment (31).

In a large histopathological study, right ventricular wall thickness equal or over 4
mm was found in over half of the patients, including 28% of the patients with
thickness > 8 mm (31). Left or right atrial wall hypertrophy, or both, was found in

about 10% of the patients (31).

2.7.1.2. LVH magnitude

In a histopathological study of normal subjects, the interventricular septal and LV
free wall thicknesses varied from 10 to 15 mm (30). In histopathological studies in
patients with HCM, LV wall thicknesses has varied widely from mild (13-15 mm) to
massive (> 30 mm) hypertrophy and even up to 60 mm, the most substantial in any
cardiac disease (3, 30, 33). In children, the mean ratio of interventricular septum to
LV freewall thickness has been 2.3 £ 1.1 (upper limit in normals 1.5) in diagnostic
echocardiograms and 16% of the childhood HCM has had both right ventricular
hypertrophy and LVH (52).

In a histopathological study by Shirani et al., heart weights were 320 to 970 g

{mean 518 + 156 g) in asympiomatic HCM subjects who died at the age < 35 years
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(normal limits < 350 g in women; < 400 g in men) (30). In s study by Varnava et al.
including 72 patients with HCM of all ages and also patients with dilated type of

disease, heart weights were from 170 to 1770 g (mean 530 = 222 g) (33).

2.7.1.3. LVH correlates

Little is known about the correlates of LVH in HCM. In a large histopathological
study by Varnava et al. patients aged < 30 years (but over 12 years) had a greater
wall thickness than those > 30 years (31). However, no linear correlation between the
maximum wall thickness and age was observed. Maximum LV wall thickness has
been found to be greater in males than in females (31). No association between age
and heart weight has been observed either (33). However, three patients with
massive heart weights (> 900 g) were under 30 years of age. No significant difference
in heart weights between patients with HCM or dilated HCM was found (33).

Some gene defects, particularly those in the p-myosin heavy-chain gene, are
associated with marked LVH, whereas many gene defects (e. g. those of troponin T
gene) generally induce mild LVH (50, 60, 61). However, in genotype-phenotype
correlation studies significant variability in the phenotype expression of HCM among
affected individuals with identical causative mutations has been observed. Thus,
causal mutations account only a fraction of the variability of phenotypes. The
possible individual modifier genes for HCM remain largely unknown. The
insertion/deletion polymorphism of the angiotensin-lI converting enzyme gene is most
consistently reported to be related to LVH in HCM patients with identical causative

mutations, accounting for 10 - 15% of the variability in LVH (62-64).
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2.7.2. Systolic function in HCM

Systolic function in HCM is a contradictory topic. Some authors have suggested
that systolic function in HCM is normal or even augmented (65), but others have
found that HCM patients have hypocontractile systolic kinetics (66). In addition, LV

systolic asynchrony has been reported (67, 68).

Echocardiographic studies

Cohen et al. was one of the first who investigated cardiac regional function in
patients with HCM (nhominated as subjects with idiopathic subaortic stenosis) (66).
The authors used M-mode echocardiography and found that fractional thickening in
LV septum was decreased in HCM patients and that the septum thickened up to the
one-third of that of the posterior wall. In addition, the septum in HCM patients
contracted more slowly than the normal septum or posterior wall in patients with
HCM. However, the posterior wall velocity in HCM patients was more rapid than that
measured in normal ventricles — possibly to compensate for the impaired movement
in LV septum. Kaul et al. used echocardiographic two-dimensional apical four-
chamber view still-images with fixed and floating reference system and investigated
regional systolic function in HCM patients (65). The authors found that in a fixed
reference system, septal movement was reduced and in a floating reference system,
septal movement was normal or increased. The authors preferred a floating
reference system and argued that interventricular septum in HCM exhibits normal or
increased excursion during systole (65). Hattori et al. investigated direction-
dependent contraction in HCM patients in an echocardiographic study (69). The

authors suggested that meridional shortening (long-axis function) was depressed, but
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circumferential shortening (short-axis function) was maintained in HCM. This finding

was based on increased circumferential to meridional shortening ratio.

LV cineangiography studies

Gibson et al. used LV cineangiography (iodinated contrast agent injection into the
LV cavity during x-ray imaging at a rate of approximately 50 frames per second) and
found that ejection fraction in patients with HCM was supranormal (84 + 4%). The
maximum rate of reduction of LV volume was identical to that observed in control
subjects (690 + 280 ml/s) (70). In control subjects, the LV anterior wall initiated LV
movement. In contrast, in the majority of HCM patients, the apical region was the first
to move. In addition, eventhough abnormal delay in the onset of inward movement
was found, the peak rate of inward movement was found to be increased. Pouler et
al. used cineangiography and found increased ejection fraction and increased mean
velocity of fiber shortening in HCM patients (68). Betocchi et al. found hyperkinesia in
the LV free wall, whereas the septum exhibited normal wall motion (67). The authors

concluded that LV movement was asynchronic and asynergic in patients with HCM.

2.7.3. Diastolic function in HCM

Diastolic dysfunction is a common finding in patients with HCM and it is supposed
to result from loss of myocardial compliance owing to fibrosis and hypertrophy (56).
On the other hand, diastolic dysfunction can occur independently of LVH and it can
also precede subsequent development of LVH (42, 71, 72). Measurement of diastolic
dysfunction noninvasively is difficult because conventionally used echocardiographic

parameters are affected by loading conditions (73). Tissue Doppler imaging is a
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promising method to diagnose and evaluate diastolic function in children and adult

HCM (71-73).

2.7.4. Adrenergic activity in HCM

Mammalian heart is innervated by thousands of adrenergic nerve fibers (74).
Adrenergic nerves acts as an important regulatory mechanism of cardiac function
(75). A hypothesis has been presented that the primary abnormality in the
pathogenesis of HCM is decreased contractility of cardiac myocytes that causes cell
stress and increased cardiac adrenergic activation, which in turn induces expression
of stress-responsive trophic factors and LVH (61). Thus it is rationale to investigate
whether adrenergic activity is augmented in patients with HCM.

Lefroy et al. found impaired B-adrenoceptor density in patients with HCM by using
positron emission tomography with ''C-labeled S-enantiomer of the nonselective f-
blocker CGB 12177 (76). Impairment was homogeneous through the LV without
association to LV wall thickness measured by echocardiography. The authors
suggest that this reflects receptor downregulation secondary to increased myocardial
concentrations of norepinephrine. Li et al. used '®F-labeled 6-fluorodopamine, a
norepinephrine analogue, that is taken up by presynaptic adrenergic nerve endings,
and found an impaired transmitter-perfusion ratio in echocardiographically
hypertrophied regions of LV compared to non-hypertrophied regions (77). In non-
hypertrophied myocardium, neuronal uptake was similar to controls. The authors
suggest that impaired presynaptic neurotransmitter uptake would augment delivery of
local catecholamines to adrenoceptors of cardiomyocytes. Schéfers et al. used both

a norepinephrine analogue measuring presynaptic uptake and a B-adrenoceptor

analogue measuring B-adrenoceptor density in a positron emission tomography study
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and found that both presynaptic uptake and B-adrenoceptor density are impaired,
suggesting increased local catecholamine levels in the synapse cleft (78). Tracer
distribution between different regions was not different from that in controls indicating
homogeneous impairment throughout the LV.

Radioiodinated metaiodobentzylguanide ('**I-MIBG) provides an opportunity to
noninvasively explore cardiac adrenergic neuronal function in vivo. **|-MIBG shares
the same neurcnal transport and storage mechanisms with norepinephrine (79).
Several clinical conditions associated with increased cardiac adrenergic tone have
been shown to be characterized by accelerated '**l-MIBG washout (80, 81). Terai et
al. investigated '?I-MIBG kinetics in patients with HCM (82). The authors found that
those patients who had increased LV end-diastolic diameter, impaired fractional
shortening and thinner septal thickness (end-stage HCM) had impaired early uptake,
impaired delayed uptake and increased '*I-MIBG washout. Thus, it is possible that
chronic adrenergic overactivity contributes to the development of LVH and also LV

dilatation in later stages of the disease.

2.7.5. Myocardial ischemia

Myocardial ischemia is considered, together with myocardial fibrosis, causative of
fatal arrhythmias in patients with HCM (34, 83). Ischemia is supposed to promote
enhanced automatism of the myocardium, leading eventually to the development of

secondary, fatal arrhythmias.
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2.7.5.1. Gamma camera studies

Abnormal myocardial rest and stress perfusion have been frequently found in
scintigraphic studies in patients with HCM. Weiss et al. used radioactive '**Xenon
injected as a bolus into the left coronary artery and multiple crystal scintillation
camera and found impaired myocardial blood flow per unit mass of tissue in HCM
patients at rest (84). Other investigators have used peripheral tracer injections. Rubin
et al. studied 10 patients with obstructive HCM who suffered from anginal symptoms.
In 2°' Tl imaging, 9 of 10 patients had no significant perfusion defects and one patient
had reversible perfusion defect (85). Based on these findings, the authors considered
perfusion imaging a useful technique in ruling out the presence of significant
coronary artery stenoses in HCM patients. In a later studies, however, reversible
perfusion abnormalities have been found to be common in HCM, and it has been
suggested that scintigraphy cannot be used as a method to exclude or diagnose
coronary artery disease in patients with HCM (86).

In a large studies by Yoshida et al. (105 patients) and O'Gara et al. (72 patients)
fixed perfusion defects, reversible perfusion defects, and LV cavity dilatation were
found in 30%, 60% and 16% and 42%, 58%, and 36% of the HCM patients,
respectively (87, 88). Cannon et al. found reversible defects in 37 of 50 HCM (89). In
a study by Udelson et al. 15 of 29 relatively young HCM patients (mean age 28
years) had perfusion defects during exercise in *°'Tl imaging. The majority of patients
had complete normalization of perfusion abnormalities after one week treatment with
verapamil Ca**-channel blocker (90).

In stress studies using pharmacological vasodilatation of coronary arteries,
perfusion defects have been frequently found as well. Takata et al. studied 82 HCM

patients with 2°'TI at rest and during dipyridamole-induced vasodilatation. Thirty-nine
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percent of the patients showed reversible defects of which 18% were large (91). von
Dohlen et al. found dipyridamole-induced defects in 11 of 39 patients (92).

The location of perfusion defect has been variable but somewhat more often they
have been found in interventricular septum (86, 89, 93). In a large study by Cannon
et al. one third of the defects were in the anterior septum, one fourth in the anterior
free wall and one fourth in the posteroinferior free wall (89). In a study by O’Gara et
al. 35%, 24% and 20% of the completely reversible defects located in the anterior
septum, posterior free wall and apex, respectively. Most fixed defects were observed
in patients with ejection fraction < 50%, whereas reversible defects were usually in
patients with normal ejection fraction. Fixed defects have been found to be located
evenly in different locations of LV (88). Thus, in scintigraphy studies perfusion
defects may locate in any segment of LV without any clear predilection site.

In a study by O'Gara et al. less than 10% of fixed defects appeared in regions of
LV wall thickness > 20 mm. In contrast, 41% of completely reversible defects
occurred in areas of LV wall thickness > 20 mm, and 50% of these patients had
subaortic obstruction, which was more than in patients with fixed defects or with no
defects (88). In a study by Cannon et al. reversible defects disappeared completely in
11 of 15 patients 6 months after surgical relief of LV outflow tract obstruction (94).
Accordingly, reversible defects perfusion defects suggesting myocardial ischemia
seem to be more frequently found in hypertrophied segments of LV and LV outflow
tract obstruction seems to cne cause of perfusion defects.

Patient symptoms between patients with fixed and reversible perfusion defects
seem to differ. In patients with fixed defects, dyspnea and fatigue have been
frequently found (88). In one study, reversible exercise-induced perfusion defects

were found in all young HCM patients who had suffered from cardiac arrest or
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syncope (93). Subsequent verapamil-treatment improved thallium uptake in most
patients. In a study by Yoshida et al. LV cavity dilatation was associated with the
failure of systolic blood pressure to increase by = 25 mmHg above the resting value,
suggesting an association between pathological blood pressure response and
ischemia.

Comparison of perfusion imaging and great cardiac vein lactate measurements
during atrial pacing has been used to study whether perfusion defects reflect true
metabolic ischemia at the cardiomyocyte level. Hanrath et al. found no association
between perfusion defects and pathological myocardial lactate extraction (= impaired
lactate extraction or lactate production) during rapid atrial pacing. Neither did LV
outflow tract obstruction correlate with pathological myocardial lactate extraction (86).
In contrast, in a large study of 50 HCM patients Cannon et al. found that in 82% of
HCM patients with reversible defects had lactate production indicative of myocardial
ischemia (89). This percentage was higher than that found in patients without
reversible defects (31%). Postpacing LV end-diastolic pressure was found to be
higher in HCM patients with reversible defects than in others, supporting the concept
that reversible perfusion defects have a pathophysiological importance. Impaired
lactate extraction has been found more frequently in patients with stress-induced LV
cavity dilatation, suggesting that LV cavity dilatation in scintigraphic study is also a
correlate of myocardial ischemia in patients with HCM (89). However, no correlation
between the presence of reversible or fixed defects and chest pain on exertion has
been observed (85, 88, 91, 92). The results of myocardial perfusion findings in

SPECT studies are summarized in Table 2.
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Table 2. Myocardial perfusion imaging findings in SPECT studies

Reference Tracer Stressor No of Findings
patients
(88) O'Gara 2017 Treadmill 72 Fixed defects 24%
exercise Reversible defects 33%
(91) Yoshida 2017 Bicycle 105  Fixed defects 30%
ergometer Reversible defects 60%
(95) Cannon 2017 Treadmill 50 Fixed defects 30%
exercise Reversible defects 52%
(91) Takata 2007 Dipyridamole 82 Fixed defects 33%
Reversible defects 39%
(92) von 2007 Treadmill 28  Abnormal rest or stress
Dohlen exercise scan 39%

2.7.5.2. Positron emission tomography studies
Rest studies

The results of myocardial blood flow measurements at rest between
hypertrophied and nonhypertrophied LV wall in positron emission tomography studies
have been controversial. Camici et al. found that myocardial blood flow was
increased in the hypertrophied septum compared with that in the nonhypertrophied
myocardium (96). In contrast, Nienami et al., Grover-McKay et al. and Nienebar et al.
found rest flow to be significantly lowered in hypertrophied myocardium compared
with normal myocardium (97, 98), and finally, Perrone-Filardi et al., Tadamura et al.,
and Li et al. found no differences between flows in hypertrophied and
nonhypertrophied myocardium (77, 95, 98-100). However, in aforementioned studies
echocardiographically measured LV wall thicknesses were used to correct for the
partial volume effect, which does not necessarily enable correction of the true partial

volume effect due to marked regional differences in LV wall thickness throughout LV.
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Partial volume effect correction had significant impact on results and conclusions as
found in a study by Grover-McKay et al. (98).

Perrone-Filardi et al. (99) and Grover-Mckay et al. found impaired septal glucose
uptake arguing against ischemia. In a study by Grover-Mckay et al., the tissue
clearance kinetics of ''C was identical between septum and lateral wall and between
HCM patients and controls. This normality does not support hypothesis of global or
septal ischemia in HCM either (98). Perrone-Filardi et al. found that lowered glucose
uptake associated with impaired systolic thickening compared with the lateral wall
(99) and the authors suggest that heterogeneity in regional glucose uptake is parallel
to systolic function and does not necessarily represent a metabolic abnormality at the
cellular level.

The results of myocardial perfusion at rest in HCM patients, compared with
controls, have also been controversial. In the positron emission tomography study by
Posma et al., absolute rest perfusion (ml/min/tissue gram) was found to be increased
in HCM patients (101). Camici et al. and Lefroy et al., however, did not find

differences between HCM patients and controls (76, 96).

Rest-stress studies
The results of quantitative myocardial perfusion rest-stress measurements are

summarized in Table 3.
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Stress flow, stress perfusion, stress-rest flow ratio, and stress-rest perfusion ratio
have been found to be consistently impaired in HCM patients (40, 96, 97, 101, 105).
Perfusion reserve in pediatric HCM patients is probably more severely impaired than
in adult HCM patients (95).

Camici et al. found that in HCM patients during dipyridamole infusion, myocardial
perfusion increased 1.5 times higher as compared to rest values, whereas in control
subjects the corresponding increment was 3.0-fold (96). In a study by Cecchi et al.
the values were very near to those obtained by Camici et al. (102). These studies,
however, may include the same patients. In the study by Cecchi et al., impaired rest
perfusion values and an impaired stress-rest perfusion ratio were associated with a
poor prognosis during follow-up (102).

In a study by Posma et al. myocardial blood flow ml/min per tissue gram was
comparable to conirols during dipyridamole-induced vasodilatation (101). However,
also in this study, perfusion reserve was lower due to increased rest perfusion in
HCM patients. In a study by Nienaber et al. normal glucose utilization, but reduced
myocardial flow during a supine bicycle exercise test was found, suggesting the
presence of myocardial ischemia in patients with HCM (97).

Camici et al. and Tadamura et al. found that dipyridamole induced vasodilatation
impairment somewhat more in the septum than in the free wall, but the differences
were not statistically significant (96, 100). In pediatric HCM patients, however,
myocardial blood flow reserve was clearly impaired in hypertrophied septum, but not

in the LV free wall, compared with healthy controls (95).
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2.7.5.3. Doppler studies

Memmola et al. found that diastolic velocity in coronary artery measured by
transesophageal Doppler echo was increased, whereas systolic velocity was
decreased in HCM patients (103). During dipyridamole stress, the increment in flow
velocities was depressed in both systolic and diastolic components, resulting in
impaired velocity reserve in HCM patients (Table 3). In a study by Dimitrow et al.
systolic blood flow velocity was observed to be reversed in HCM patients (contrary to
controls), whereas peak diastolic velocity and diastolic time-velocity integrals were
increased in transthoracic Doppler-echo, measured distal of left anterior descending

coronary artery (106).

2.7.5.4. Biochemical measurements

In a study by Cannon et al. and Pasternack et al. lactate metabolism was found to
be different between HCM patients and controls during atrial pacing (105, 107). In
controls, pacing increased lactate consumption, whereas in patients with HCM
decreased lactate consumption or even lactate production was found. In a study by
Cannon et al. great cardiac vein - arterial O, difference decreased during cardiac
pacing in HCM patients, but not in controls (105). These findings indicate difficulties
in oxygen extraction and true myocardial ischemia in HCM during atrial pacing in

HCM.

2.7.5.5. Coronary angiography
In a study by Yetman et al. myocardial bridging with compression of an epicardial
artery was found in 28% of pediatric HCM patients (108). In all 10 patients, the site of

systolic compression was in the middle third of the left anterior descending coronary
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artery, just distal to the origin of the first diagonal branch. The degree of systolic
narrowing was greater than 90 perceni. In general, the coronary arteries remained
compressed over half of the length of diastole. When compared with patients without
bridging, patients with bridging more frequently had chest pain, cardiac arrest with
subsequent resuscitation and ventricular tachycardia. The patients with bridging had
a reduction in systolic blood pressure with exercise when compared with an elevation
of 43 + 31 mmHg in those without bridging. The patients with bridging also had
greater ST-segment depression with exercise, shorter duration of exercise and
greater degree of dispersion of the QT interval. The proportion of patients who had
died or had cardiac arrest with subsequent resuscitation was higher among patients

with bridging (108).

2.7.5.6. Etiology of ischemia in HCM

Several potential mechanisms have been presented to account for perfusion
abnormalities. The various possible factors include insufficient widening of the
epicardial coronary arteries related to increased heart weight {(109), small-vessel
disease with decreased vasodilator capacity (3, 35, 105, 107, 110), septal perforator
artery compression (111, 112), myocardial bridging (108, 112), inadequate capillary
density ratio (105), decreased coronary perfusion pressure due to increased LV end-
diastolic pressure (105), decreased oxygen extraction (105) and obstruction of the LV
outflow tract {112). Evidence of causative factors behind ischemia, however, is

limited, and existing results are contradictory.
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2.8. Findings in HCM caused by TPM1-Asp175Asn

TPM1-Asp175Asn is a missense mutation that results in the substitution of
asparagine for aspartic acid at amino acid position 175 in the a-tropomysin gene.
TPM1-Asp175Asn occurs in a troponin T binding region of a-tropomyosin. a-
tropomyosin belongs to thin filaments in cardiac sarcomere (Figure 2). Cardiac
contraction occurs when calcium binds the troponin complex and a -tropomyosin,
making possible the myosin—actin interaction (2).

A transgenic mouse that expresses mutant TPM1-Asp175Asn in the adult heart
has been developed (113). In a study by Muthuchamy et al., severe impairment of
both contractility and relaxation in the hearts of the TPM1- Asp175Asn mice were
found in vivo (113). Rates of contraction (+dP/dt) and relaxation (-dP/dt) were found
to be significantly reduced in mutant hearts, and time to peak pressure and time to
half relaxation were found to be prolonged. Myofilaments that contained mutated
protein demonstrated increased sensitivity to Ca?* when compared with non-mutated
myofilaments during force development. Even though functional differences between
mutated and control mice were found, septal and posterior wall thickness in
echocardiography or LV mass in echocardiography were similar in both groups. Thus
based on these findings systolic dysfunction develops before LVH. Interestingly,
functional changes were developed, if the proportion of the mutant protein was 60%.
The mice that expressed < 40% of the TPM1-Asp175Asn protein did not show any
differences in physiological measurements. However, in a recent study, Wernicke et
al. found decreased Ca** sensitivity and accelerated contraction and relaxation, all
findings contrary to that found by mouse- model by Muthuchamy et al. in transgenic

rats with TPM1-Asp175Asn (107).



53

In human studies, the penetrance of TPM1-Asp175Asn mutation, i.e. the
proportion of patients with mutation and HCM phenotype, in adult patients has been
estimated to be 100% (114-116). In a study by Coviello et al., most patients with
TPM1-Asp175Asn were asymptomatic, or they had only mild symptoms. LV maximal
wall thickness on echocardiography varied from 13 to 28 mm (116). The distribution
of LV hypertrophy was generally uniform in the family members and predominantly

involved the anterior septum.

2.9. MR findings in HCM patients
2.9.1. MRI techniques to study patients with HCM

The first MR image of the human heart was published in 1982 (117). Image
acquisition time was 8 minutes and it was obtained without cardiac gating. The first
ECG-gated images from the beating heart were published in 1984 from anesthetized
dogs (118). As early as 1985 Been et al. and Higgins et al. used cardiac MRI to
investigate LV anatomy in patients with HCM (8, 119). In the study by Been et al., no
cardiac gating was used, and imaging was performed using a very low-field scanner
(0.08 T). Higgins et al. used a 0.35 T scanner and ECG-gated image acquisition.
Park et al. were the first who utilized a high-field MR scanner to image patients with
HCM (9).

In the first studies, a body coil was used as a receiver, and image acquisition was
performed using black-blood spin-echo sequences. In spin-echo imaging, some
investigators have used saturation pulses to improve myocardium-blood delineation
(120). Pixel dimensions in the phase-encoding orientation have varied from 1.25 to
3.4 mm. In the frequency-encoding orientation pixel dimension has been equal or

smaller. Slice thicknesses have varied between 7 and 10 mm. In the first studies,
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only transverse, sagittal or coronal orientations were used. Since 1992, double-
oblique LV long- and short-axis views have been used to image patients with HCM
(121).

Sardanelli et al. were the first to perform cine MRI to investigate patients with
HCM (122). The authors reported the results of cardiac anatomy, LV wall systolic
thickening and flow void in the LV outflow tract. In later studies, spin-echo imaging
was largely replaced by cine imaging in anatomical and functional imaging. At the
beginning, cine images were obtained with free breathing (122, 123). Later 1990s,
studies were usually performed by cine imaging with breath holding, which facilitated
an accurate assessment of cardiac function in less than 5 minutes (124). In general,
the duration of the whole imaging protocol in cardiac MRI has ranged between 20
and 90 minutes. Currently, the fast low-angle shot cine sequence has been replaced
by a steady-state precession that is associated with higher contrast-to-noise ratio and
better detection of endocardial border than the fast low-angle shot cine sequence
(125). The temporal resolution in cine imaging has been varied from 16 to 32
phases/cardiac cycle.

In 1992, the first tagging results from subjects with HCM were published (126).
Tagging imaging facilitates the noninvasive analysis of the complicated contraction
pattern of the human cardiac left ventricle (126-129). Image analysis is performed by
specific softwares not commercially available (126-129). During image
postprocessing, myocardial tagging stripes have been claimed to use subpixel
resolution (127).

Gd-DTPA-enhanced segmented inversion recovery imaging (130) have been
used in fibrosis imaging and in imaging to detect tissue changes after septal ablation

(131-136). Contrast-agent doses for contrast-enhanced imaging have varied between
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0.1 mmol/kg to 0.2 mmol/kg, inversion time has typically been 250 msec and delay
between injection and imaging has varied from 5 to 10 minutes {(131-136).
T2-weighted imaging has had limited value in HCM characterization. In a recent
study, however, Amano et al. used T2-weighted fast spin-echo imaging with breath
holding a double inversion recovery pulse pair and with or without fat-suppression to
detect tissue edema after percutaneous transluminal septal myocardial ablation in

patients with obstructive HCM (136).

2.9.2 The accuracy and reproducibility of LV mass measurement

Excellent reproducibility and accuracy in LV mass measurements by using MRI
have been found (137). Katz et al. used a spin-echo sequence to measure LV mass
in ex vivo hearts in 40 subjects (138). The standard error of the measurements in ex
vivo study was 6.8 g (r = 0.99), and the standard error of intracbserver and
interobserver measurements was 11.1 g (r = 0.96) and 17.8 g (r = 0.91), respectively.
Allison et al. imaged LV mass in ex vivo hearts and in patients with HCM by using
spin-echo sequence (6). MRI evaluations of LV mass in ex-vivo hearts were within
8% of the mass determined by weighing the hearts (r = 0.99). MRI is considered a

golden standard in LV mass measurements {137).

2.9.3. Regions of LVH and LV maximal wall thickness

In studies of HCM patients with European descent, asymmetrical septal
hypertrophy has been the most common finding. The mean LV maximal wall
thickness (MWT) has typically been between 20 and 25 mm (Table 4). The highest

LV wall thickness found by MRI has been 37 mm (139).
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Sardanelli et al. investigated 23 HCM patients with an echocardiographic
diagnosis of HCM (122). Half of the patients had asymmetric and half symmetric
LVH. Apical hypertrophy or papillary muscle hypertrophy were rare findings in the
aforementioned study. In a study by Arrivé et al., most HCM patients had asymmetric
septal hypertrophy. In addition, hypertrophy of the entire septum and of the LV
posterolateral wall were found. The mean posterolateral wall thickness did not differ
from that in control subjects (140).

Park et al. found apical hypertrophy in one third of patients with HCM (9). The rest
of the patients had asymmetric septal hypertrophy. The mean LV wall thickness in
apical hypertrophy was 25 mm compared with 24 mm in patients with asymmetric
septal hypertrophy. Thus, apical hypertrophy is usually advanced upon diagnosis.
Suzuki et al. described a form of HCM, in which LVH was confined to a small region
of the septum of the anterior or lateral wall at the apical level (141). Soler et al. found
that apical hypertrophy was confined to true apex only in 5 of 21 HCM patients with

apical LVH (142).

2.9.4. LV mass

Been et al. measured only the LV septal area, a precursor of LV mass, rather
than LV mass itself in one of the first MRI studies published on HCM patients (119).
The LV septal area was increased compared with controls. In a study by Allison et al.
the mean LV mass/body weight -ratio was 3.77 g/kg in HCM patients, which was
significantly higher than that in control subjects (1.80 g/kg) (6). The following studies
have confirmed these findings that LV mass is increased in patients with HCM, but

not as markedly as supposed based on LV mass measurements in
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echocardiographic studies (143). The results of quantitative LV anatomical and

functional characteristics in MRI studies in HCM patients are summarized in Table 4.
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2.9.5. LV function

No difference has been found in LV global ejection fraction between HCM
patients and control subjects in studies using three-dimensional cine MRI (104, 144)
(Table 4). LV regional systolic function has been investigated in many MRI studies.
Arrivé et al. found that the average thickening of the basal septum was markedly
reduced compared with that in control subjects (140). In a study by Perrone-Filardi et
al., lateral wall thickening was found to be increased compared with the septum. In
addition, in positron emission tomography imaging, 18fluorodeoxyglucose activity in
lateral wall, describing metabolic activity, was higher in the lateral wall parallel to
increased systolic function (99). In a study by Choudhury et al., the average LV
systolic thickening was 77 + 63% in patients with HCM (131). In the aforementioned
study, LV systolic thickening impairment was associated more closely with increased
LV end-diastolic thickness (r* = 0.30) than with myocardial contrast-enhancement (r?
= 0.04). This suggests that regional hypokinesia is more closely associated with LVH
than with myocardial fibrosis.

In a study by Kramer et al. using cine tagging imaging, percentage shortening at
short axis orientation and at long axis orientation was impaired in HCM in the septal,
inferior, and anterior regions of LV, but not in the lateral region of the LV (145). These
findings are in concordance with findings by Maier et al., Perrone-Filardi et al. and
Dong et al. who found that LV lateral wall movement was increased compared with
the LV septum (99, 144, 146). However, the radial displacement of septum has been
found to be lowest also in normal subjects (144). The authors found also that total LV
shortening occurred earlier in systole in HCM patients than in control subjects (145)
(In contrast Gibson et al. found an abnormal delay in the onset of movement in a

cineangiography study (70)).
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In a tagging study by Young et al., radial motion (measured in short axis images)
was less reduced than longitudinal displacement (measured in long axis images)
(127). This finding is in concordance with echocardiographic findings by Hattori et al.
(69). In terms of three-dimensional movements, the most significant systolic
impairment was found in the basal septum and LV anterior wall. In contrast, LV
torsion was found to be increased in HCM patients compared to controls (20 vs. 15
degrees). In control subjects, early counterclockwise rotation reversed to clockwise in
later systole. In HCM patients, normal clockwise rotation was abolished, resulting a
net increase in counterclockwise torsion (127). Increased counterclockwise torsion
has previously found o be related to increased inotropic stimulation (147). Thus,
increased counterclockwise rotation could be related to augmented adrenergic
activity, which has been suggested to be increased in HCM patients. In a study by
Maier et al. however, the average rotation was similar between HCM patients and
controls (126).

Dong et al. investigated radial displacement differences between LV layers. The
authors found that radial displacement especially in the midwall and epicardial layers
was less in patients with HCM (144). In a study by Maier et al. radial displacement of
all myocardial layers was impaired in septal and inferior LV segments (126). In the
posterior and anterior segments, in contrast, decreased radial displacement was
observed only in the epicardial and midwall layers.

Bergey and Axel have shown patient examples in which myocardial tagging
imaging helped to detect myocardial contraction in highly localized LVH, which

indicated a diagnosis of HCM instead of neoplasm (129).
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2.9.6. LV outflow tract obstruction, mitral regurgitation and systolic anterior motion of
mitral valve leaflet

MRI has had only a limited role in the assessment of LV outflow tract obstruction,
mitral regurgitation and systolic anterior motion of the mitral valve leaflet in
characterization of HCM patients. Sardanelli et al. found a correlation between signal
void duration in cine MRI and signal turbulence duration in Doppler echocardiography
in the LV outflow tract and left atrium suggestive of LV subaortic stenosis and mitral
insufficiency, respectively (122). In all patients with signal void in MRI, a pressure
gradient in echocardiography was present. The same association between signal
void in LV outflow tract and LV outflow tract obstruction was found by Arrivé et al.
(140) and Scheffknecht et al. (120). Schulz-Menger et al. used cine MRI to document
therapeutic response after septal embolization (121). Twelve months after
embolization, the non-turbulent area in LV outflow tract was increased, and the

improvement was associated with the amelioration of symptoms.

2.9.7. Contrast-enhanced MRI

At present, myocardial tissue characterization using contrast-enhanced MRI is
one of the main interests in imaging of HCM patients. Aso et al. was one of the first to
investigate the accumulation of contrast agent in the cardiomyopathic heart. The
authors studied cardiomyopathic hamsters by contrast-enhanced (0.1 mmol/kg Gd-
DTPA) spin-echo imaging (148). The Gd-DTPA they used was labeled by '*C, which
enabled the accurate detection Gd-DTPA in histopathological sections. In
cardiomyopathic hamsters, autoradiograms showed a nonuniform distribution with
patchy or linear areas with increased uptake of Gd-DTPA compared with controls.

Areas of patchy accumulation of Gd-DTPA corresponded to “replacement fibrosis”,
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and areas of linear accumulation to interstitial fibrosis separating myocardial fibers.
Histologically, “replacement fibrosis® was shown to have more capillaries and
cellularity than interstitial fibrosis. Accodingly, the mean Gd-DTPA concentration was
highest in myocardial fibrosis with high cellularity, proliferation of new vessels, and
loose collagen and it was lowest in myocardial fibrosis with dense collagen, few
vessels, and low cellularity (148).

In patients with coronary artery disease the association between myocardial
fibrosis and hyperenhancement is well established (149-152). In HCM, according to
findings by Aso et al., the most hyperenhancement was shown in relatively young
animals that histologically demonstrated markers of inflammation, neovascularization
and earlier phases of interstitial fibrosis than dense scars filled only with collagen
(148). Contrast-enhancement was associated with inflammation, fibrosis and vessel
proliferation in a hamster study by Nanjo et al. as well (153). The concepts of
inflammatory changes and neovascularization are novel mechanisms implicated in
the pathophysiology of HCM.

Sequences with a preparatory inversion pulse have been shown to best delineate
abnormal contrast enhancement in humans (130). The segmented breath-hold
sequences can provide images with higher resolution and with a better contrast-to-
noise ratio than images obtained with single-shot sequences (130). Choudhury et al.
used a contrast-enhanced (gadoteridol, 0.1 mmol/kg) segmented inversion-recovery
sequence in 21 patients with HCM. Eight of the 21 patients were examined based on
clinical symptoms and the rest were examined as part of family screening or due to
the findings of an asymptomatic murmur (131). Altogether 81% of the patients had
hyperenhanced myocardium. Contrast enhancement occurred in a patchy distribution

with multiple discrete foci within hypertrophied regions of the interventricular septum
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and in the anterior and posterior walls but not in the lateral free wall. The mass of
scar tissue ranged from 0 to 143 g (mean, 22 +- 31 g), and it constituted 8 + 9% of
the LV mass. On a regional basis, weak relationship between hyperenhancement
and end-diastolic wall thickness was observed. None of the LV segments under 10
mm thick had any hyperenhancement. The extent of hyperenhancement associated
weakly with impaired fractional or absolute segmental thickening. The extent of
hyperenhancement, as a percentage of the LV mass, correlated weakly with the
maximum LV end-diastolic wall thickness and the LV mass, and modestly with the LV
ejection fraction (131).

Boggiest et al. used contrast-enhanced (Gd-DTPA 0.2 mmol/kg) inversion-
recovery T1-weighted imaging and found abnormal enhancement in 7 of 8 patients
with echocardiograph diagnosis of HCM (134). Both patchy and homogeneous
enhancement was observed. Hyperenhancement was associated with regional LVH
and hypocontractility.

Teraoka et al. investigated 59 patients with HCM with an inversion-recovery
FLASH sequence 15 minutes after 0.1 mmol/kg Gd-DTPA injection and found
contrast enhancement in 76% of the patients (135). Hyperenhancement was found
most frequently in the region where the right ventricle was attached to the LV. LV
mass in patients with and without hyperenhancement was not different. The number
of hyperenhanced segments was associated with an impaired ejection fraction.
Hyperenhancement was associated with ventricular tachycardia in 24-h Holter
monitoring (135).

Amano et al. investigated the association between myocardial fibrosis evaluated
by contrast-enhanced MRI and fatty acid metabolism evaluated using uptake of an

3| labeled fatty acid analogue in SPECT. The authors found that in both methods,
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the most marked abnormalities were found in interventricular septum. but that the
agreement between the methods in detecting myocardial abnormalities was fair
(154).

In a study by Moon et al., myocardial enhancement was found in 42 of 53 HCM
patients affecting 0 - 48% of myocardial mass (mean 11%) (133). In patients with a
decrease in LV wall thickness and an increase in LV end-systolic dimensions during
follow up on serial echocardiograms had more hyperenhancement than other
patients. In addition, patients with two or more risk factors for sudden death had more
hyperenhancement than other HCM patients. Hyperenhancement was correlated
weakly with LV mass index, LV end-diastolic volume, LV end-systolic volume, and
inversely with ejection fraction.

Recently, the first study of hyperenhancement in HCM patients with identified
disease causing mutations was published (155). In aforementioned study Moon et al.
investigated 30 patients with the TNNI3 mutation in the troponin | gene (155). The
authors found hyperenhancement in 12 patients (80%) with LVH in echocardiography
and in 2 patients (13%) without LVH. The extent of hyperenhancement was positively
associated with clinical markers of sudden death risk and LV mass and was inversely
associated with LV ejection fraction.

In a study investigating one HCM patient who underwent late gadolinium
enhancement MRI and 49 days later heart transplantation, regions of myocardial late
enhancement were found to represent regions of myocardial collagen in histological
sections (132).

The role of T1-weighted spin-echo imaging has been limited in tissue
characterization in HCM patients. Nishimura et al. used contrast-enhanced (0.1

mmol/kg Gd-DTPA) spin-echo imaging 5-10 minutes after injection in patient with
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HCM and found increased signal intensity at subendocardial layers in 10 of 16 HCM
patients. In this study, however, no control subjects were studied (156). Schulz-
Menger et al. used T1-weighted spin-echo sequences, after 0.1 mmol/kg Gd-DTPA
to visualize myocardial infarction after septal embolization (121). The infarcted zone
was visible on contrast-enhanced images.

Two studies have described myocardial signal intensity differences without
contrast agent in HCM patients (157, 158). The role of such measurements seems to

be minor.

2.9.8. Coronary sinus flow measurements

Blood flow in coronary sinus represents approximately 96% of the total
myocardial blood flow. Kawada et al. investigated coronary sinus flow by using
velocity encoded cine MRI during breath-hold (104). The authors used 12.7 ¢m
circular surface coil, 5 mm section thickness, and 2.9 mm spatial resolution.
Temporal resolution in imaging was 60 msec, and it allowed 9 to 13 flow phases
within a single breath hold. Imaging was performed at rest and during dipyridamole-
induced vasodilatation. At baseline state, coronary blood flow per gram of myocardial
mass was 0.74 ml/min/g + 0.23 in patients with HCM, not significantly different from
that in healthy subjects. After administration of dipyridamole, coronary blood flow per
gram of myocardial mass was lower in patients with HCM than in controls (1.03 £
0.40 ml/min/g vs. 2.14 + 0.51 ml/min/g), reflecting a lower coronary flow reserve in
HCM patients (Table 3). A significant negative correlation was found between the
coronary flow reserve and LV mass index when both control subjects and HCM

patients were included in the same analysis (104).
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2.9.9. MR spectroscopy

De Roos et al. and Jung et al. found that patients with HCM had increased
inorganic phosphate-to-phosphocreatine ratio and decreased phosphocreatine-to-
adenosine triphosphate ratio (159, 160). The phosphocreatine-to-adenosine
triphosphate ratio correlated negatively and inorganic phosphate-to-phosphocreatine
ratio positively with the extent of LVH (160). These abnormalities are similar to those
found in ischemic myocardium. Interestingly, a decreased phosphocreatine-to-
adenosine triphosphate ratio has also been found in Himalayan natives, Sherpas,
and it is supposed to reflect adaptation to hypoxic circumstances (161). In a study by
Jung et al., an increase in the phosphomonoester-to-phosphocreatine ratio was also
observed, indicating altered glucose metabolism (160). De Roos et al. found lowered
myocardial pH values measured with MR spectroscopy in symptomatic patients,
indicating myocardial ischemia (159). In a study by Jung et al. no differences in pH
values between HCM patients and controls was observed (160). However, patients in
the study by de Roos et al. were symptomatic. In contrast, Jung et al. studied young
asymptomatic patients, which may explain the difference in pH values. The
aforementioned metabolic abnormalities can theoretically be caused by (1) increased
workload of the heart under resting conditions, (2) limitation in oxygen supply severe
enough to invoke a significant increase in anaerobic metabolites and disturbances in
oxidative phosphorylation and in the ATP production contribution to ATP turnover

rates, and (3) altered energy sources fueling the cardiac "engine" (161).
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2.9.10. Compariscn of MRI and echocardiography in the assessment of LVH in
patients with HCM

Many studies have compared MRI and echocardiography in the assessment of
LVH in patients with HCM (122, 143, 162, 163). Devlin et al. compared LV wall
thickness measurements obtained by transthoracic echocardiography and MRI
between LV segments (143). The best agreement between M-mode
echocardiography and MRI was observed in LV anterior septum and anterior free
wall. Posma et al. compared MR imaging and echocardiography in the Spirito-Maron
and Wigle hypertrophy score calculations. MRI yielded complete assessment of
anatomic features and allowed calculation of hypertrophy scores in 49 patients
(94%), which was significantly more than echocardiography (33 patients; 63%) (7).
The LV anterior free wall, posterior septum, posterior free wall and apex are the
regions that are difficult to evaluate by echocardiography (7, 141, 143).

In LV mass measurements in patients with HCM, a poor correlation between LV
mass obtained by MRI using Simpscn’s LV mass measurement formula three-
dimensional method) and echocardiography by using Devereux LV mass
measurement formula has been found (6, 143). The main reason appears to be
asymmetric LVH in patients with HCM, a feature not considered in most
echocardiographic LV mass measurement formulas.

In conclusion, in the assessment of regional wall thicknesses MRI is a more
comprehensive method than echocardiography. In LV mass measurements in
patients with asymmetrically thickened LV, three-dimensional methods such as MRI

are methods of reference.
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2.9.11. Differential diagnosis between HCM and other diseases causing LVH

In one study, the differential diaghosis between HCM and other diseases causing
LVH, such as amyloidosis, has been attempted. Fattori et al. compared imaging
findings between patients with symmetric HCM and biopsy-proven amyloidosis. In
patients with amyloidosis, the interatrial septum, right atrial free wall, and right
ventricular anterior wall were claimed to be thicker in patients with amyloidosis than
in patients with HCM (158). All these structures, however, are relatively thin, masked
by other structures, such as trabeculations of RV, or complex in shape. Due to these
difficulties, they may be difficult to measure accurately with the current level of image

quality.
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3. AIMS

The general aim of this study was to evaluate the role of cardiac MRI in the
characterization of LV anatomy, systolic function, perfusion and contrast
enhancement in patients with HCM caused by the mutation Asp175Asn in the a-

tropomyaosin gene. More specifically, the objectives were:

1. To investigate the relationship between myocardial contractile impairment and
LVH in HCM (Study I).

2. To assess first-pass MRI a) in the evaluation of perfusion impairment in
patients with HCM and b) to evaluate the association between first-pass
perfusion and LVH in HCM (Study II).

3. To investigate the relationship of myocardial enhancement with gadolinium-
DTPA in MRI with serum concentrations of a collagen synthesis marker (the
aminoterminal propeptide of type Il collagen) (Study lII).

4. To determine the relationship between hypertrophy and cardiac adrenergic

activity measured by '®I-MIBG in HCM (Study V).
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4. PATIENTS AND METHODS

The study protocol was approved by the Kuopio University Hospital Ethics

committee, and all subjects gave written informed consent.

4.1. Selection of patients with HCM

The Kuopio University Hospital region in Eastern Finland covers a population of
approximately 250,000 inhabitants. All patients with suspected or confirmed HCM in
this area are referred to Cardiology Unit, Department of Medicine of Kuopio
University Hospital for diagnosis and treatment. All available unrelated patients from
this region with suspected or confirmed HCM according to hospital records have
been previously evaluated by the same cardiologist at our hospital. Altogether 36
unrelated patients aged over 16 years and fulfilling the criteria for definite HCM were

identified (164).

4.1.1. Clinical diagnosis of HCM

In index patients, the clinical diagnosis of HCM was based on the demonstration
of maximum LV wall thickness of at least 15 mm on two-dimensional
echocardiography in the absence of other causes for LVH, such as hypertension or
aortic stenosis. Because the above mentioned clinical criteria are too insensitive to
diagnose HCM in first-degree relatives of HCM patients, clinical diagnosis of HCM in
adult relatives of the index patients was based on the diagnostic criteria suggested
by McKenna et al. (21). Relatives with LV wall thickness of at least 13 mm on two-
dimensional echocardiography, or with pathological Q waves, LVH with repolarization

changes, or deep T wave inversions on ECG, were considered clinically affected.
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4.1.2. Genetic analysis

The genetic screening of variants in TPM1 was performed with the polymerase
chain reaction — single strand conformation polymorphism analysis and direct
sequencing, as previously described (28). Haplotype analysis in patients with TPM1-

Asp175Asn was performed as previously described (28, 164).

4.1.3. Control subjects
Seventeen healthy volunteers without history of previous cardiac disease or
medications, and with gender and age distribution similar to the HCM patients, were

recruited.

4.1.4. Clinical and echocardiographic evaluation

All patients with HCM and control subjects underwent an interview, physical
examination, 12-lead ECG recording and echocardiography. Transmitral flow
recordings were obtained from the apical four-chamber view, with the pulsed Doppler
sample volume placed at the level of the mitral leaflet tips. Peak early (E) and late (A)
transmitral flow velocities, E wave deceleration time and E/A ratio were determined.
Isovolumic relaxation time was measured by positioning the continuous wave
Doppler cursor between the mitral valve and LV outflow tract, and the time between
aortic closure and the onset of transmitral flow was measured. Measurements were

performed in two beats and averaged.

4.1.5. Cardiac catheterization and coronary angiography
Right and left heart catheterization and coronary angiography were performed on

21 of the 24 HCM patients by the percutaneous femoral approach using standard
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angiographic techniques by the same cardiologist as previously described (165).
Three HCM patients who did not undergo angiography were 33 to 38-year-old
females from the same family, in which there was no history of HCM-related sudden
cardiac deaths. These three patients had definite HCM, but no cardiovascular risk
factors.

Control subjects aged over 45 years (two men and three women) had undergone
diagnostic coronary angiography within the previous year, showing normal coronary
arteries. Other control subjects did not undergo cardiac catheterization or coronary

angiography.

4.1.6. Subjects with the TPM1-Asp175Asn

Of the 36 aforementioned unrelated patients with HCM, four were heterozygous
carriers of the TPM1-Asp175Asn mutation. All available relatives of the index patients
were examined, and 23 relatives were found to have the TPM1-Asp175Asn mutation.
In addition, one family with four affected family members from western Finland with
the identical TPM1 mutation was included in the study. Thus, altogether 31 patients
with the TPM1-Asp175Asn mutation were identified. No consanguinity was found
between the five families in genealogical studies tracing ancestors of the families up
to 3-5 generations. However, a conserved haplotype between an intragenic
microsatellite marker HTMqca and two extragenic microsatellite markers (D15S51036
and D155108), spanning a region of about 3 centimorgans and co-segregating with
the mutation was observed in five families, suggesting a founder effect (164).

One subject with the TPM1-Asp175Asn mutation and definite HCM was not
included in the study because she had had a coronary by-pass operation, and six

HCM subjects with the TPM1-Asp175Asn mutation were not willing to participate.
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The final population of the present study consisted of 24 adult subjects from four
families with the TPM1-Asp175Asn.

In a study investigating LVH and systolic function, LVH was evaluated in all study
subjects (100%) (Study 1). LV end-systolic dimensions were determined in all but one
patient, who had atrial fibrillation (23 of 24, 96%) (Study 1). For the perfusion study
(Study II), two patients could not be imaged with the phased-array coil because of
obesity. Two patients with bronchial asthma were excluded because adenosine
stress was contraindicated in these patients in an MR imaging environment. ECG
triggering failed during the first-pass of contrast medium in two patients. Contrast
medium injection was mistimed in one patient. Thus the population of the rest-stress
perfusion study ultimately consisted of 17 of 24 subjects (71%). In the fibrosis study,
two subjects could not be imaged with the phased-array coil due to obesity, and one
subject became exhausted before the time for post-contrast imaging. Thus the
population of the fibrosis study (Study Ill) ultimately consisted of 21 of 24 subjects
(88%). In the study investigating adrenergic activity, three patients could not be
studied because '®I-MIBG-tracer could not be supplied by the manufacturer during

the study day. Thus the population of study IV included 21 of 24 subjects (88%).

4.1.7. Clinical characteristics

None of the HCM subjects had intracardiac defibrillator or a history of heart
failure. There were sudden cardiac deaths at a young age related HCM in three of
the four families with the TPM1-Asp175Asn mutation (164). About one third of the
patients used cardiac medication, most often 3-blocking agents. None of the patients
used angiotensin Il receptor blockers or statins. Clinical characteristics of the patients

with HCM are summarized in Table 5. The mean age was 37 years (range 17-53).
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Patients had similar blood pressure values as controls. On two-dimensional
echocardiography, the maximal end-diastolic thickness of the septum was 19 + 6 mm
(range 8 - 29 mm). LV end-diastolic and end-systolic dimensions were within the
normal range in all patients with HCM. None of the subjects with HCM had significant
LV outflow tract obstruction (> 30 mmHg). Patients with HCM had a higher isovolumic

relaxation time, deceleration time and E/A ratio than control subjects.
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Table 5. Clinical characteristics of the patients with HCM attributable to the

Asp175Asn mutation in the TPM1 gene and control subjects

Characteristic

Men/Women

Age (y)

Systolic blood pressure (mmHg)

Diastolic blood pressure (mmHg)

Echocardiographic findings
Maximal septal thickness on 2D-mode (mm)
Left ventricular end-diastolic diameter (mm)
Left ventricular end-systolic diameter (mm)
Vmax in left ventricular outflow tract (m/sec)
Isovolumic relaxation time (msec)
Deceleration time (msec)
E/A ratio
Ejection fraction (%)

Vmax at LVOT (m/s)

HCM patients

Control subjects

n=24 n=17
11/13 8/9
42 +13 38+ 12
133+ 16 128 £+ 15
84 + 11 78 + 10
18.6 + 6.1 9.1+£17
42+5 50 + 4
26+4 313
1.4%0.5 1.3£0.2
268 £ 280" 82 + 22
237 + 66 190 + 56
1.57 £ 0.32° 1.18 + 0.43
68 + 10 67 +7
14+05 1.3+0.2

Data are means + SDs

2D, two-dimensional; E/A —ratio, the ratio of early-to-late ventricular filling; Vmax at

LVOT, maximal velocity at left ventricular outflow tract

P <0.05
P <0.001
P <0.01

On coronary angiography, one patient with HCM had < 50% stenoses in the left

anterior descending coronary artery, and another patient had < 50% stenosis in the

left anterior descending, intermediate and right coronary arteries. All other HCM
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patients and all control subjects in whom coronary angiography was performed had
normal coronary arteries. In patients with HCM, LV end-diastolic pressure was 9+ 5
mmHg (range 0 — 20 mmHg) and pulmonary capillary wedge pressure 8 + 4 mmHg
(range 3 - 16 mmHg). All control subjects had normal blood pressure and normal

findings on echocardiography (Table 5) and ECG.

4.2. MRI protocol

MRI was performed with a 1.5-T clinical MRI unit (Magnetom Vision; Siemens
Medical Systems, Erlangen, Germany). A phased-array body coil was used as a
receiver. ECG readings, blood pressure, pulse waves and peripheral oxygen
saturation were monitored during the study with an MR-compatible control monitor
(Datex-Ohmeda AS/3 MRI patient monitor; Instrumentarium, Datex-Ohmeda Division,
Helsinki, Finland). In addition, precordial electrodes were applied for ECG gating of
the image acquisition. All study subjects were imaged by the same radiologist. Two
patients were imaged by body coil due to obesity, whereas the others were imaged

by phased-array coil.

4.2.1. Rest perfusion imaging

After scout views were obtained, the first-pass of the contrast medium was
assessed with acquisition of images at three LV short-axis planes: at the levels of
mitral valve chordae, papillary muscle and apex. The first-pass in the myocardium
was observed with an inversion-recovery snapshot fast low-angle shot sequence
(166). The parameters for first-pass MRI were as follows: repetition time msec/echo
time msec/inversion time msec, 4.5/2.2/300; 8° flip angle; 128 x 128 data matrix; 10-

mm section thickness; and a 250 — 280 mm field of view with a 256 x 256 interpolated
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matrix. Before imaging with contrast medium was performed, the baseline signal
intensity (Sl) level was assessed. Myocardial first-pass was assessed after injection
of a 0.05 mmol bolus of Gd-DTPA (Magnevist; Schering, Berlin, Germany) per
kilogram of body weight into the right antecubital vein through an 18-gauge cannula.
The volume of the bolus was 5-13 ml (0.1 ml/kg). The injection was performed at a
speed of 5 ml/sec with an MR-compatible power injector (Spectris, Medrad,
Pittsburgh, Pa, USA). The bolus of contrast medium was followed by a 10 ml bolus of
saline. Immediately after injection of the contrast agent, the patient was asked to hold
his or her breath. An image at each anatomic position listed above was acquired

every 3—4 seconds, for a total of 15 images at each level.

4.2.2. Cine imaging

After rest perfusion images were obtained, cine imaging was started. Cine images
were acquired in 10-mm sections with no gap in the short axis orientation, extending
from base of the heart to apex using Turbo-Flash cine sequence (124, 125). The
parameters for cine imaging were as follows: repetition time msec/echo time msec,
60/4.8 with fivefold k-space segmentation; 20° flip angle; 110 x 256 data matrix; and
a 280-320-mm field of view with a 256 x 256 interpolated matrix. Imaging was
performed during multiple breath holds (one slice for each breath hold). An average
length of time for one breath hold was 20 seconds. The mean number of slices
needed to image the whole LV at shot axis orientation was 9.6 £ 1.3 (range 8 - 14). In
addition, two-chamber and four-chamber long-axis views were obtained to evaluate
the thickness of cardiac apex. Time resolution in cine imaging was 30 msec. Due to

variable R-R-intervals, 24 + 5 cardiac phases were obtained (range 13 — 35).
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4.2.3. Fibrosis imaging

After rest perfusion and cine images were obtained, fibrosis imaging was
performed at the level of tips of the mitral valve leaflets and at the level of papillary
muscles using the same T1-weighed single-shot inversion-recovery FLASH
sequence that was used during perfusion imaging. Typically, images were obtained
about 15 minutes after Gd-DTPA (Magnevist, Schering AG, Berlin, Germany)
injection into antecubital vein (0.05 mmol per kilogram of body weight). Fibrosis

imaging was performed by phased-array coil only.

4.2.4. Stress perfusion imaging

About half an hour after previous rest injection of Gd-DTPA, maximal
vasodilatation was induced with a continuous infusion of 140 ug/kg/min of adenosine
(Adenoscan; Sanofi Winthrop Pharmaceuticals, Morrisville, Pa, USA). Each patient
had refrained from ingesting caffeine for 24 hours before the examination. The first-
pass MRI sequence was performed 3 minutes after the initiation of adenosine with
continuous adenosine infusion. Gd-DTPA was injected through a separate line to
prevent an adverse bolus effect of adenosine. Stress perfusion imaging was
performed by phased-array coil only.

Seventeen HCM patients underwent MR imaging at rest and during adenosine
infusion (rest-stress injections). Five control subjects (the rest-stress injection control
group) underwent MR imaging at rest and during adenosine infusion and 7 control
subjects (the two-injections-at-rest control group) underwent MR imaging without
stress. The second injection of gadopentetate dimeglumine was administered half an
hour after the first in both control groups. To observe the effect of adenosine on first-

pass reserve index (FPR) parameters, results in the rest-stress injection control
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group were compared with results in the two-injections-at-rest control group. To
observe the differences in FPR between patients with HCM and control subjects,
FPR parameters in patients with HCM were compared with those in subjects in the

rest-stress injection control group.

4.2.5. Image analysis
4.2.5.1. Anatomical measurements

All anatomic measurements on MR images were performed with Numaris
software provided with the MR system (Siemens, Erlangen, Germany) by the same
radiologist. LV end-diastolic wall thickness, end-systolic wall thickness and systolic
thickening were evaluated in short-axis orientation at the basal (tips of the mitral
valve leaflets), mid-cavity (papillary muscles) and apical (beyond papillary muscles
but before cavity ends) levels (Fig 4). The end-diastolic image was the first image
acquired after the R-wave of the ECG signal, and the end-systolic image was the
image with the smallest LV area at the mid-ventricular level. Short axis slices were
divided into 16 segments according to a recent statement from the Cardiac Imaging
Committee of the Council on Clinical Cardiology of the American Heart Association
(167), including 6 segments for the basal and mid-cavity level and 4 segments for the
apical level in short axis plane (Fig 4). In addition, the end-diastolic wall thickness for
true apex was measured from long-axis images. However, due to insufficient
endocardial delineation on Turbo-Flash cine images (125), end-systolic thickness at
the apex was not measured. The maximal end-diastolic wall thickness in the LV at

any location (LV MWT) was recorded.
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Figure 4. Basal (A), mid-cavity (B) and apical (C) end-diastolic cine images in a

patient with HCM showing the location of segments at short-axis orientation
according to American Heart Association statement of standardized myocardial
segmentation for tomographic imaging (167). The basal image is at the level of tips of
the mitral valve leaflets, mid-cavity image at the level of papillary muscles and apical

image beyond papillary muscles.

To evaluate LV mass, the endocardium and epicardium, excluding papillary
muscles and trabeculations, were manually traced using end-diastolic images. The
total myocardial volume of the LV was calculated with Simpson’s method by
multiplying each traced myocardial area by the section thickness (10 mm) and by
summing the volumes of separate slices together. LV end-diastolic and end-systolic
volumes were computed in a similar fashion using short-axis end-diastolic or end-
systolic areas, respectively. Stroke volume was calculated by subtracting LV end-
systolic volume from LV end-diastolic volume. Myocardial mass was calculated by
multiplying myocardial volume by myocardial density (1.05 g/ml). In one patient with

atrial fibrillation, end-systolic dimensions were not measured.



82

The LV mass index, LV volume indices, and LV maximal wall thickness index
were calculated by dividing the mass of the LV by the body surface area, which was

calculated by following equation ((weight (kg) x height (cm))/3600)°° (168).

4.2.5.2. Measurement of LV contractility by MRI

The global ejection fraction was calculated as the stroke volume divided by the
end-diastolic volume. The percentage of fractional thickening in each of the 16 LV
short-axis segments was calculated as follows: ((end-systolic wall thickness minus
end-diastolic wall thickness) divided by end-diastolic wall thickness) multiplied by
100%. A segment with fractional thickening < 30% was considered hypokinetic (169).
The proportion of hypokinetic segments was calculated by dividing the number of
hypokinetic segments by the total number of all measured LV segments. Fractional
thickening was not measured in one patient with atrial fibrillation. In addition, in 27 of
270 segments (10%), fractional thickening could not be measured due to insufficient
image quality, masking of LV wall thickness by papillary muscles, or closeness of

outflow tract of LV.

4.2.5.3. Analysis of first-pass MR images

For MR first-pass imaging, regions of interest for tissue segments were drawn by
the same radiologist on the first-pass MR images. All of the Sl versus time curves
were fitted by the same physicist, who was blinded to all the clinical data of the
subjects. Data points were fitted with the extended Freundlich model of the right-
skewed curve with Origin 5.0 software (Microcal Software, Northampton, MA, USA)

according to the following equation:
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where x is time, y is signal intensity, and a, b, and ¢ are the fitting parameters.

Only first-pass data points (7.2 points £ 1.2 (mean t standard deviation (SD))
were included in the fitting procedure to avoid the effect of recirculation. Maximal SI
increase was determined from the fitted curves. The Sl change rate was calculated
as Sl increase versus time. The FPR was calculated as the ratio of the SI change

rate at stress to that at rest according to the following equation:

SI change rate ...

FPR- SI change rate,

est

Each patient’'s global FPR was calculated as the mean of the segmental FPR
values; the global FPR was assumed to represent an estimation of the global
myocardial perfusion reserve index. If a Sl curve was continuously ascending, or if it

ended in plateau, the curve was excluded from the analysis.

4.2.54. Assessment of reproducibility of perfusion measurements

For the evaluation of intraobserver variation in the assessment of perfusion
parameters, one radiologist drew new regions of interest for 30 myocardial segments
1 month after the original analysis. A physicist fitted Sl versus time curves to these
new data. For the evaluation of interobserver variation, 30 myocardial segments were

drawn by a physicist and fitted by the radiologist.

4.2.5.5. Assessment of myocardial fibrosis by MRI
To evaluate myocardial fibrosis, LV short-axis images at the levels of tips of the

mitral valve leaflets and papillary muscles were divided to anterior and posterior
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septum and LV free wall. In each segment, the visually brightest and darkest regions
of myocardium were selected and manually outlined. Sl values in arbitrary units (AU)
at these two regions and epicardial fat were measured with Cheshire v1.18 -software
(Hayden Image Processing Group, Boston, MA, USA). Segmental enhancement
heterogeneity was determined by subtracting the lowest Sl value from the highest Si

value in each segment and normalizing the difference to epicardial fat as follows:

(SIHighex[ - SILowesl
SIEp[card[a/ Jat

) x 100

Myocardial fibrosis index in MRI was calculated as the mean of the six segmental
enhancement heterogeneity values. Maximal myocardial fibrosis index was the

highest enhancement heterogeneity among six segments.

4.3. Assessment of cardiac adrenergic activity with'>*I-MIBG

In HCM patients, '?*I-MIBG imaging was performed during the same day as MRI.
All imaging was performed with a MultiSPECT3 gamma camera (Siemens Medical
Systems, Inc., Hoffman Estates, IL, USA) equipped with high-resolution collimators.
A dose of 200MBq of 'I-MIBG (specific activity, 26,000 MBg/mmol) (MAP Medical
Technologies Oy, Helsinki, Finland) was injected into the antecubital vein during rest.
The energy window of 'l was set at 162 keV (150-174 keV). The first acquisition
was started 15 min after injection, and the second acquisition was started 4 h later
using the same image settings. An anterior planar study was acquired using a 5-min
acquisition time and a 128 x 128 matrix size. During SPECT acquisition, 3 detectors
(3 x 120°) acquired 30 views in 4° steps of 40 s per view with a 64 x 64 matrix size. In

the healthy volunteers, imaging was done in a similar way.
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To assess the 'I-MIBG uptake differences between HCM patients and healthy
volunteers, data of initial and delayed planar imaging were used. Similarly sized
rectangular regions of interest were used, which facilitated the normalization of mean
planar cardiac '*’I-MIBG counts by the mean upper mediastinal counts of the
respective image, expressed as the heart-to-mediastinum (H/M) ratio (170). '*3-
MIBG washout between 15 min and 4 h was calculated as follows: ((A-B)/A)) x 100%,
where A is '?’|-MIBG uptake in the initial image and B is '?*|-MIBG uptake in the
delayed image. No physical decay correction of '*| was applied.

To assess the association between LVH and global and segmental '?I-MIBG
washout, data from SPECT imaging were used. The SPECT technique overcomes
the limitations related to planar imaging, such as superposition of noncardiac
structures, and enables the assessment of regional radioligand uptake. The raw data
of '®|-MIBG SPECT were reconstructed using a Butterworth-filtered (order, 6; cutoff
frequency, 0.5/cm) back projection technique. Global myocardial washout was
calculated as a mean value of 4 different segmental washouts (anterior, septal,

lateral and inferior myocardial regions). The utmost apical and basal slices of each

region were excluded to ensure the myocardial origin of detected activities.

4.4. Laboratory tests

Venous blood samples were obtained between 07.00 and 08.00 am after a 12-
hour fast. The following laboratory tests were obtained to investigate their association
to LVH: hematocrit, norepinephrine, epinephrine, somatomedin, renin, aldosterone,
fasting glucose and fasting insulin (171). PIIINP was collected in EDTA tubes on ice

and immediately spun, and sera were analyzed with commercially available
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radioimmunoassay (Orion Diagnostica, Espoo, Finland) as previously described in

detail (172-175).

4.5, Statistical analysis

Parameter transformations: Because LV mass, MRI fibrosis index, isovolumic
relaxation time, deceleration time, collagen turnover byproducts, plasma renin, serum
aldosterone and fasting plasma insulin were not normally distributed, they were log-
transformed in all statistical analyses.

Analysing data from multiple segments per patient: Because segmental wall
thickness and segmental fractional thickening were measured in multiple segments
per patient, the differences in segments between groups were analyzed using
appropriate least square mean differences (and their corresponding p-values)
estimated from the mixed model accounting for the possible dependencies of the
measurements within subjects (176).

Investigating the linear association between two variables: Univariate linear
regression analysis was used to investigate the association of the proportion of
hypokinetic segments, *I-MIBG washout and other correlates of LVH with LV mass
and LV MWT as well as the association of LV segmental end-diastolic wall thickness
with fractional thickening. Univariate linear regression analysis was used also to
investigate the association of PIIINP collagen markers with clinical and MRI
parameters.

Investigating the linear association between multiple variables: Correlates that
reached statistical significance (P < 0.05) in univariate analysis were included in
multiple regression analysis. Multicollinearity of variables in multivariate analysis was

investigated by using collinearity statistics tolerance. The tolerance limit of > 0.7 was
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used for non-multicollinearity. Variables were entered or removed stepwise from the
model if the probability of the F value was less than 0.05 or greater than 0.10,
respectively, and R square change was used to assess the contribution of each
variable to LV mass.

Analysing data with normal or near normal distribution: The independent samples
t test was used to study the differences in continuous variables with normal or near
normal distribution between the study groups. One-way analysis of variance followed
by the Scheffé test was used to compare the values of PIIINP between MRI fibrosis
tertiles and controls.

Analysing data without normal or near normal distribution: In perfusion
measurements, the Mann-Whitney test was used to evaluate the differences in
hemodynamic response, and FPR parameters between the groups. The Spearman
correlation was used to assess the correlations within each group between LV mass
index and global FPR, LV maximal end-diastolic wall thickness and global FPR, and
segmental wall thickness and segmental FPR.

Investigating the equality of variation and test for linearity association: Levene’s
test for equality of variances was used to study the difference of LV MWT variability
between HCM patients and control subjects. To assess the association between
PIIINP and myocardial fibrosis tertiles, the test for linear association was used.

Mixed model analysis was performed with SAS for Windows version 8.02 (SAS
Institute, Cary, NC, USA) and all other statistical analyses with SPSS for Windows

version 11.5.1 (SPSS, Chicago, IL, USA). Data are presented as means + SDs.
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5. RESULTS

5.1. LVH and systolic function in MRI (Study 1)
5.1.1 LV mass and volumes in MRI

The main anatomical and functional parameters in MRI study are summarized in
Table 6. No statistically significant difference was seen in LV mass or LV mass index
between patients with HCM and control subjects, although there was a trend towards
increased LV mass in HCM patients (151 £ 57 g vs. 123 £+ 32 g, P = 0.064; and 77 +
24 g/m? vs. 66 + 12 g/m?, P = 0.099, respectively) (Fig 5A). Patients with HCM had
smaller LV end-diastolic volume (Table 6). Accordingly, volume adjusted LV mass
was higher in HCM patients compared to control subjects (1.27 + 0.33 g/ml vs. 0.86
0.22 g/ml, P < 0.001). LV end-systolic volume was similar in both groups, but stroke

volume was smaller in patients with HCM (70 £ 24 ml vs. 90 £ 18 ml, P = 0.008).
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Table 6. Left ventricular characteristics in patients with HCM and control subjects in

cine MRI study

HCM patients Control subjects pP*

(n=24) (n=17)

Mean £ SD (Range) Mean £ SD (Range)
LV MWT (mm) 195+ 4.9 (10— 31) 9.7+1.7(7T-12) < 0.0001
LV mass (g) 151 + 57 (80 — 313) 123 +32 (74 - 197) 0.064
LV EDV (mI) 122 + 45 (71 — 287) 146 + 25 (100 — 195) 0.038
LV ESV (mi) 52 + 29 (33 - 176) 56 + 15 (37 — 95) 0.565
Stroke volume (ml) 70 + 24 (23 - 136) 90 + 18 (47 — 118) 0.008

LV MWT, left ventricular maximal wall thickness; LV EDV, left ventricular end-

diastolic volume; LV ESV, left ventricular end-systolic volume

*independent samples t-test

5.1.2. LV MWT in MRI

In patients with HCM, LV MWT was increased (19.4 + 4.9 mm) compared 1o
control subjects (9.7 £ 1.7 mm; P < 0.0001) (Fig 5B). In Levene’s test, LV MWT was
more variable in patients with HCM than in control subjects (P = 0.014) (Fig 6AB).
Three of the 24 patients with the TPM1-Asp175Asn mutation had LV MWT less than
13 mm in MRI (two patients had 11 mm and one patient 10 mm). The highest LV

MWT in patients with HCM was 31 mm.
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Figure 5. LV mass (A) and LV maximal wall thickness (B) by MRI in 24 patients with
HCM caused by TPM1-Asp175Asn and in 17 healthy controls. A significant
difference in LV maximal wall thickness between patients with HCM caused by

TPM1-Asp175Asn and control subjects is demonstrated.

5.1.3. Segmental wall thickness in MRI

End-diastolic wall thickness values in 17 LV segments in patients with HCM and
control subjects are summarized in Table 7. The anterior segment at basal level was
the thickest segment in patients with HCM (16.8 £ 6.4 mm). Segments in the anterior
septum at the basal level and inferoseptal wall at the mid-cavity level were most
often hypertrophied (> 13 mm in 75% of patients with HCM). The anterolateral
segment at the mid-cavity level was not hypertrophied in any of the HCM patients,

and the apex was hypertrophied (> 13 mm) only in one patient.
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Figure 6. End-diastolic cine MR images (TR msec/TE msec, 60/4.8; FA 20°)
demonstrate a great variability in LVH between two cousins with TPM1-Asp175Asn.
(A) Images in a 19-year-old man show extensive LV hyperirophy (arrows). (B)
Images in a 17 year-old woman show no hypertrophy (LV maximal wall thickness 10

mmy).
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5.1.4. LV contractility by MRI

Global LV ejection fraction by MRI was similar in patients with HCM and control
subjects (58 + 7 vs. 61 £ 7%; P = 0.227). However, segmental fractional thickening
values were lower in patients with HCM than in control subjects (44 + 32% vs. 62 +
31%; P < 0.001, respectively). Also in three patients with the TPM1-Asp175Asn
mutation, but normal LV wall thickness on MRI, mean fractional thickening was
decreased compared with control subjects (52 + 26% vs. 63 + 31%; P = 0.045). The
proportion of hypokinetic segments was higher in patients with HCM compared to
control subjects (37 + 20% (range 6 — 81%) vs. 12 + 12%, (range 0 — 31%); P <
0.0001).

In patients with HCM, most (11/16) segments had less fractional thickening than
in controls. Some segments, particularly in the anterolateral and apical area, had

similar fractional thickening values compared with those of control subjects (Table 7).

5.1.5. Association of LV contractility with LV mass and MWT in patients with HCM

At segmental level, LV end-diastolic wall thickness correlated negatively with
fractional thickening of the segment (r = -0.741; P < 0.0001). Mean fractional
thickening did not significantly correlate with LV mass (r = -0.406; P = 0.055) or LV
MWT (r = 0.236; P = 0.278). However, the proportion of hypokinetic LV segments
was strongly associated with LV mass (r = 0.647; P = 0.0008; Fig 7A) and LV MWT
(r = 0.691; P = 0.0003; Fig 7B). If three patients with the TPM1-Asp175Asn mutation,
but no LVH, and one patient with previous myectomy were excluded from the
analyses, the associations between the proportion of hypokinetic segments and LV
mass and LV MWT remained statistically significant (r = 0.638; P = 0.003, and r =

0.613; P = 0.005, respectively). If the proportion of hypokinetic segments was
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calculated using mid-cavity segments only, the association between proportion of
hypokinetic segments and LV mass and LV MWT was also significant (r = 0.605; P =
0.002 in both analyses). MR cine images in Figure 8A-D demonstrate two patients
with the TPM1-Asp175Asn mutation and with the different proportion of hypokinetic
segments. Patient 1 (Fig 8AB) has no LVH and only one hypokinetic segment,

whereas patient 2 (Fig 8CD) has marked LV hypertrophy and numerous hypokinetic

segments.
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Figure 7. Association of LV mass (A) and LV maximal wall thickness (B) with the
proportion of hypokinetic LV segments in patients with TPM1-Asp175Asn. The
proportion of hypokinetic segments is significantly associated with LV mass and LV

maximal wall thickness.
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Figure 8. The short axis end-diastolic (A) and end-systolic (B) LV cine MR images
(TR msec/TE msec, 60/4.8; FA 20°) in a 23-year-old man with the TPM1-
Asp175Asn. The patient had mild LVH and only one hypokinetic segment
(anteroseptal segment at basal level; arrow). Corresponding images (C, D) in a 22-
year-old man with the TPM1-Asp175Asn and marked LVH and several hypokinetic
segments (arrows). All cine images are shown as movies on web site:

hitp://radiology.rsnajnis.org/cgi/content/full/2363041165/DC1

5.1.6. Correlates of LV mass and MWT in linear regression analysis in patients with
HCM

The correlates of LV mass and LV MWT in linear regression analyses in patients
with HCM are shown in Tables 8 and 9. In univariate analyses (Table 8), gender,
body surface area, systolic blood pressure, LV end-diastolic and end-systolic
volumes, stroke volume, the proportion of hypokinetic segments, and fasting plasma
glucose were associated with LV mass. Only the proportion of hypokinetic segments

was associated with LV MWT, explaining 48% of LV MWT variability (P < 0.001).
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Table 8. Correlation coefficients of LV mass and maximal wall thickness in patients

with HCM in univariate linear regression analysis

LV mass* LV MWT
Age 0.103 -0.148
Gender (O=female, 1=male) 0.480" 0.086
Body surface area 0.558% 0.214
Systolic blood pressure 0.439" 0.137
Diastolic blood pressure -0.040 -0.368
LV end-diastolic volume 0.710% 0.152
LV end-systolic volume 0.621* 0.009
LV stroke volume 0.606* 0.278
LV ejection fraction -0.236 0.126
Proportion of hypokinetic LV segments 0.647% 0.691%
ACE gene polymorphism!! 0.322 0.321
Hematocrit 0.025 -0.171
Plasma norepinephrine -0.145 -0.020
Plasma epinephrine* -0.111 -0.220
Serum somatomedin -0.284 -0.287
Plasma renin® -0.101 -0.307
Serum aldosterone* -0.097 -0.355
Plasma glucose 0.4917 -0.360
Plasma insulin* 0.214 -0.254
Glucose/Insulin ratio* -0.008 0.214

LV, left ventricular; MWT, maximal wall thickness
*Log 10 transformed

TP<0.05

*P <0.01

$P <0.001

I'Number of D-alleles = 0,1, or 2
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To investigate which variables were independently associated with LV mass,
stepwise linear regression analysis was performed. No statistically significant
multicollinearity between the proportion of hypokinetic segments and other variables
included in the multiple linear regression analyses was found. The best stepwise
multivariate model, explaining 75% of LV mass variability, included the proportion of
hypokinetic segments, LV end-diastolic volume, and male gender (Table 9). The
proportion of hypokinetic segments contributed 42% (P < 0.0001), LV end-diastolic

volume 24% (P = 0.003) and male gender 10% (P = 0.014) to LV mass variability.

Table 9. Stepwise multiple linear regression analysis of correlates of left ventricular

mass in patients with HCM

B P
Proportion of hypokinetic segments 0.574 < 0.0001
Left ventricular end-diastolic volume 0.412 0.003
Gender (0 = female, 1 = male) 0.320 0.014

5.2. First-pass imaging (Study 1)
5.2.1. Hemodynamics at rest and during adenosine stress

There was no statistically significant difference in hemodynamic response
between the patients with HCM and the subjects in the rest-stress injection control
group (data not shown). In all individuals who underwent adenosine stress MRI (17
patients with HCM and five conirol subjects), the mean heart rate increased during
adenosine infusion from 67 = 9 beats per minute to 87 + 10 beats per minute (P <
0.001). The mean systolic blood pressure was 153 £ 18 mmHg at rest; it remained at

the same level (156 + 25 mmHg) during adenosine infusion (P = 0.087). The
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corresponding values for diastolic blood pressure were 79 £ 18 mmHg and 74 £ 11
mmHg (P = 0.360). Thus, because heart rate changed, the mean rate-pressure

product increased from 10,279 £ 2,057 to 13,586 + 2,927 (P < 0.001).

5.2.2. Effect of adenosine on first-pass parameters

Figure 9 demonstrates typical Sl versus times curves at rest and during
adenosine stress. The effect of adenosine on first-pass parameters was studied by
comparing results in the rest-stress injection control group with those in the two-
injections-at-rest control group. The results are summarized in Table 10. At rest, no
significant difference was observed in time-to-peak values, Sl increase, or Sl change
rate between the rest-stress injection control group and the two-injections-at-rest
control group. For the second injection, the time to peak was shorter and the Sl
change rate was higher in the rest-stress injection control group than in the two-
injections-at-rest control group. As a result, the mean Sl change rate ratio was, on
average, 2.6 times higher in the rest-stress injection control group than in the two-

injections-at-rest control group (1.80+ 0.58 vs. 0.71 £ 0.16, P = 0.003).
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Figure 9. Graph depicts data obtained in a 48-year-old man with the TPM1-
Asp175Asn, but no hypertrophy at MRI. Time is displayed along the x axis, and
myocardial Sl is displayed along the y axis. The curved lines show the fitted power
curves. The dashed line indicates Sl change rate during imaging at rest. The
continuous line indicates Sl change rate during adenosine stress MRI. At rest, the S
change rate (calculated as Sl increaser.s: divided by t.s) was 1.9 arbitrary units
(AU)/sec, and during stress, the Sl change rate (calculated as Sl increasesiess
divided by 1sess) Was 2.3 AU/sec, resulting in an FPR value (calculated as Sl change

ratesiess divided by Sl change raterest) of 1.2.
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Table 10. Effect of adenosine on first-pass parameters in control subjects

Two-injections-at- Rest-stress injection P-value*
rest control group control group
(n=7) (n=5)
First injection
Time-to-peak (sec)! 13.1+58 10.8+1.3 0.639
Sl increase (AU) 58+ 15 65+ 17 1
Sl change rate (AU/sec) 55+28 6.2+16 0.755
Second injection
Time-to-peak (sec)t 145+44 6.6+1.6 0.005
Sl increase (AU) 46+ 13 58 £ 12 0.202
S| change rate (AU/sec) 3.7+20 10122 0.003
Sl change rate ratio 0.71+0.16 1.80+£0.58 0.003

AU = arbitrary units; S| = signal intensity
*Mann-Whitney test

T Time difference between the myocardial signal intensity maximum and arrival of contrast

agent in the left ventricle

5.2.3. Comparison of first-pass parameters between patients with HCM and subjects
in the rest-stress injection control group

Mean time-to-peak was longer in the patients with HCM than in the subjects in
the rest-stress injection control group, both at rest (16.6 + 4.0 seconds vs. 10.8 + 1.3
seconds, P = 0.001) and during stress (11.6 + 4.2 seconds vs. 6.6 £ 1.6 seconds, P
= 0.002). At rest, the patients with HCM and the subjects in the rest-stress injection
control group showed nearly equal levels of Sl increase (62 £ 16 AU vs. 65 + 17 AU,
P = 0.762). During adenosine stress, however, the Sl increase in the patients with

HCM was lower than it was in the subjects in the rest-stress injection control group
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(43 £ 13 AU vs. 58 + 12 AU, P = 0.025). This difference did not result from a
difference in baseline values between the patients with HCM and the subjects in the
rest-stress injection control group, because baseline levels before the at-rest
injection (15 £ 6 AU vs. 15 £ 5 AU, P = 0.866) and before the stress injection were
nearly equal (35 £ 16 AU vs. 37 £+ 10 AU, P = 0.933) in both groups. Due to the
longer time to peak and the smaller Sl increase, global FPR was smaller in the
patients with HCM than in the subjects in the rest-stress injection control group (1.12
+0.35vs. 1.80 £ 0.58, P = 0.015).

There was no significant difference between patients with HCM and subjects in
the rest-stress injection control group in the number of segments per person that

were included in the analysis (9.7 £ 2.4 vs. 9.0 £ 3.0, P = 0.704).

5.2.4. Correlation of first-pass parameters with LV hypertrophy

In patients with HCM, maximal LV wall thickness and LV mass index correlated
negatively with global FPR (r = -0.723, P =0.001 and r = -0.598, P = 0.011, Fig 10,
respectively). Figure 11 demonstrates largely impaired first-pass enhancement
during adenosine stress in a 22-year-old man with the TPM1-Asp175Asn and
extensive LVH. In the rest-stress injection control group, no correlation between

global FPR and LVH was observed (data not shown).
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Figure 11. Images in a 22-year-old man with the TPM1-Asp175Asn and extensive LV
hypertrophy. Upper row: In a series of short-axis MR images of the LV at the
papillary muscle level obtained during a breath hold with the patient at rest and
during the first-pass of 0.05 mmol/kg of Gd-DTPA with a turbo fast low-angle shot
sequence (4.5/2.2/300, 8° flip angle, 10-mm section thickness, 250 x 250-mm field of
view, and 128 x 128 matrix), the delay time for the arrival of the contrast agent in the
LV blood is displayed in each image. There were no signs of impaired first-pass
enhancement in this patient at rest. Lower row: A series of short-axis first-pass MR
images of the same section obtained during adenosine stress shows that first-pass
enhancement is markedly impaired. The poorest enhancement was observed in the

hypertrophied (25-mm) posterior septum (arrow), in which the FPR was 0.2.

5.2.5. Intra- and interobserver reproducibility of MRI first-pass perfusion
measurements

The results of reproducibility measurements are summarized in Table 11. The
individual components of first-pass perfusion indices were highly reproducible.
Reproducibility was best in the assessment of the Sl increase of the first-pass
curves. Because of the nature of the FPR measure (which is a combination of four
indices), the reproducibility of assessments of FPR was somewhat weaker than the
reproducibility of time-to-peak or Sl increase values, but was still reasonably good
(intraobserver r = 0.791, P < 0.001, mean difference = 0.0 = 0.4; interobserver r =

0.710, P < 0.001, mean difference = 0.1 £ 0.4).
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5.3. Myocardial fibrosis (Study IIl)
5.3.1. Myocardial fibrosis by MRI

If LV segments both at the levels of tips of the mitral valve leaflets and papillary
muscles were selected for image analysis, no statistically significant difference was
seen in the mean MRI fibrosis index between HCM patients and control subjects (5 £
5% vs. 5 + 4%; P = ns). However, if LV segments only at the papillary muscle level
were included in the image analysis, HCM patients had a higher MRI fibrosis index
than control subjects (12 + 7 (range 3 — 31) vs. 7 + 3% (range 0 — 13), P< 0.01 (Fig
12)). Figure 13 shows contrast-enhanced T1-weighted inversion recovery images in
a 52-year-old control subject and in a 45-year-old male HCM patient with

intramyocardial focal high-signal areas indicative of fibrosis.
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Figure 12. Graph depicts MRI fibrosis values at the papillary muscle level in patients

with HCM caused by TPM1-Asp175Asn and in 17 healthy controls.
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Figure 13. Contrast-enhanced T1-weighted inversion recovery images in a 52-year-
old control subject (A), and in a 45-year-old male with HCM (B). Focal
intramyocardial areas with a high signal indicative of fibrosis were found at the mid-
ventricular level at the junction of the interventricular septum and the right ventricular

free wall (arrows).

5.3.2. The PIIINP-marker of collagen metabolism and its association with MRI fibrosis
index (Study III)

PIIINP levels were higher in patients with HCM than in control subjects (3.6 + 1.3
pg/l vs. 2.8 £ 0.8 pg/l; P < 0.05). In patients with HCM, PIINP levels were
significantly associated with myocardial fibrosis in MRI. In HCM patients from the
lowest to the highest tertile of myocardial fibrosis in MRI, the respective PIIINP values
were 2.84 + 0.94 ug/l, 3.54 £ 0.72 ug/l and 4.46 + 1.93 ug/l (P < 0.01) (Fig 14). In
pairwise multiple comparisons, statistically significant differences in PIIINP values
were seen only between HCM patients in the highest tertile of myocardial fibrosis in

MRI and controls (P < 0.05).
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Figure 14. Graph depicts PIIINP levels in HCM patients according to tertiles of

myocardial fibrosis in MRI

5.3.3. Association of clinical, invasive and MRI parameters with PIIINP in linear
regression analyses

Correlates of PIIINP in univariate linear regression analyses in patients with HCM
and control subjects are shown in Table 12. Age (r = -0.565, P < 0.01), diastolic
blood pressure (r = -0.443, P < 0.05), LV mass index (r = 0.439, P < 0.05) and
myocardial fibrosis in MRI (r = 0.485, P < 0.05; Fig 15) were significantly associated
with PIIINP levels in patients with HCM. Age (r = -0.508, P < 0.05) and LV ejection
fraction (r = -0.578, P < 0.05) were significantly associated with PIIINP levels in

univariate regression analyses in control subjects (Table 12).
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Table 12. Correlates of procollagen type Il propeptide in
patients with hypertrophic cardiomyopathy and control

subjects in univariate linear regression analysis

HCM Controls
Patients

Age -0.565 -0.508"
Systolic blood pressure -0.146 -0.345
Diastolic blood pressure -0.4437 -0.273
LVEDV index 0.308 -0.130
LVESYV index 0.409 0.396
LV ejection fraction -0.213 -0.578"
LV mass index * 0.439" 0.404
LV maximal wall thickness 0.182 0.364
in MRI
Myocardial fibrosis in MRI 0.485" -0.102
LV end-diastolic pressure -0.392
PCWP 0.090
Isovolumic relaxation time* 0.350 -0.232
Deceleration time* 0.233 -0.406
E/A —ratio 0.143 0.164

E/A-ratio = the ratio of early-to-late ventricular filling; LV = left
ventricular; LVEDV = left-ventricular end-diastolic volume;
LVESV = left ventricular end-systolic volume; MRI = magnetic
resonance imaging; PCWP = pulmonary-capillary wedge
pressure
*P < 0.01
P <0.05

*Log 10 transformed values
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Figure 15. Logarithmic plot of MRI fibrosis index and procollagen type Il amino-
terminal propeptide level in patients with HCM caused by the Asp175Asn mutation of

the a-tropomyosin gene.

No multicollinearity between age, diastolic blood pressure, LV mass index and
myocardial fibrosis in MRI was found in patients with HCM. Thus, all above
mentioned variables were entered into a stepwise multiple linear regression
analysis. Only age (B = -0.487, P < 0.05) and myocardial fibrosis in MRI {3 = 0.381,
P < 0.05) contributed independently to PIIINP variability in patients with HCM. The
model explained 46% of PIINP variability, age contributing 32% and myocardial
fibrosis in MRI 14% to the total variability. In controls, no multiple regression analysis
was performed because of multicollinearity of age and ejection fraction (collinearity

statistics tolerance 0.32).
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5.4. Cardiac adrenergic activity in HCM patients and control subjects and its
association with LVH (Study V)

At 15 minutes, the H/M uptake ratio was similar between patients with HCM and
control subjects (1.70 + 0.15 vs. 1.67 + 0.09, P = 0.689). At 4h, the H/M ratio was
lower in HCM patients than in control subjects (1.57 + 0.16 vs. 1.77 £ 0.20, P =
0.008). Thus, due to higher turnover of '?°I-MIBG, global washout was faster in HCM

patients than in control subjects (50 £ 9% vs. 37 + 8%, P = 0.001) (Fig 16).
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Figure 16. Global '®I-MIBG washout in patients with HCM caused by Asp175Asn

mutation of a-tropomyosin gene and in healthy volunteers.
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In linear regression analysis, global '*}|-MIBG washout was associated with the

LV mass index and LV maximal wall thickness index in HCM patients (r = 0.512, P =

0.018; Fig 17 and r = 0.478, P = 0.028, respectively).
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Figure 17. Linear-logarithmic plot of global '?*I-MIBG washout and LV mass index in

patients with HCM caused by Asp175Asn mutation of a-tropomyosin gene.
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6. DISCUSSION

6.1. LVH and LV systolic function on cine images
6.1.1. Assessing cardiac anatomy and systolic function by cardiac MRI

Cardiac MR is considered the standard of reference for measurement of LV end-
diastolic and end-systolic volume, mass, and ejection fraction (6, 7, 137, 177, 178).
Cine MRI with a segmented k-space turbo-gradient echo technique facilitates
accurate and reproducible wall thickness and thickening assessment (179, 180).
Systolic wall thickening has been shown to reflect myocardial function in a single
region during normal and abnormal cardiac states, and it has been shown to be more
precise than wall motion analysis (181, 182). In patients with myocardial infarction,
wall thickening analysis has been shown to have high specificity and moderate
sensitivity for detecting dysfunctional myocardium (169).

In the present study cine MRI was shown to be a feasible method to investigate
not only LVH, but also the extent of contractile impairment in HCM. Hypokinetic LV
segment was defined as segment with fractional thickening < 30%. In patients with
previous myocardial infarction, the mean fractional thickening in infarct-related
myocardium has been shown to be 31% (169). Consequently, LV segments with
fractional thickening less than 30% probably represent physiologically significant

hypokinesia.

6.1.2. Myocardial contractility and its relationship with LVH in HCM

In the present study on HCM patients with the TPM1-Asp175Asn mutation, the
global ejection fraction was normal, but the stroke volume was decreased. In HCM,
global systolic contractility measured by ejection fraction is usually well preserved,

and could be even hyperkinetic. However, global systolic function measured by using
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endocardial shortening provides an overestimate of myocardial function in concentric
LVH caused by arterial hypertension (183, 184). Also in patients with HCM, two MRI
studies have shown that in spite of preserved global ejection fraction, regional
systolic function can be impaired (127, 144). Accordingly, in the present study,
regional LV contractile function measured by mean fractional thickening or the
proportion of hypokinetic segments was impaired. Some LV segments, however, had
normal systolic contractility in HCM patients. Variable regional systolic function is in
accordance with previous studies and appears to be a characteristic feature in
patients with HCM (67, 126, 127).

In the present study fractional thickening was related to the end-diastolic
thickness of the segment in each LV segment, which is in accordance with the
findings by Dong et al. (144). Moreover, the extent of impaired contractility measured
as the proportion of hypokinetic LV segments by MRI was an independent and
strongest correlate of both LV mass and LV maximal thickness. In spite of the fact
that all HCM subjects of the present study shared the same causative mutation, there
were marked differences in contractility and LVH in these patients. In a transgenic
animal model, cardiac-specific expression of the mutant TPM1-protein has been
shown to be dose-dependently associated with the extent of cardiac dysfunction
(113, 185). Also in human HCM the variability of expression of mutant protein may
influence myocardial contractility. The extent of cardiac systolic impairment, in turn,
may activate expression of stress-responsive trophic factors, such as adrenergic
mediators triggering LVH.

What is the evidence that impaired contractility precedes LVH in HCM? Both in
transgenic animal models of HCM, and alsc in human studies, reduced myocardial

contraction has been detected in disease-causing mutation carriers without LVH (42,
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71, 72) and to predict later development of LVH (72). Accordingly, in the current
study, LV fractional thickening by MRI was decreased in patients with the TPM1-
Asp175Asn mutation, but with normal wall thickness and LV mass, supporting the
notion that impaired contractility precedes LVH. However, as systolic impairment was
more severe in HCM patients with marked LVH, it cannot be ruled out that severe or
moderate LVH further impairs contractile function by mechanical interference
between myocardial cells or increased connective tissue. Only three patients with the
TPM1-Asp175Asn had normal LV wall thickness. Accordingly, larger study is needed
to confirm whether systolic impairment really precedes, and initiates, development of

LVH.

6.1.3. Heart morphology in HCM patients with the TPM1-Asp175Asn
TPM1-Asp175Asn is a well-established HCM-causing mutation (28, 115, 116). To
our best knowledge, our study is the first to utilize cardiac MRI in the assessment of
genotype-phenotype in patients with TPM1-Asp175Asn mutation. HCM caused by
the TPM1-Asp175Asn mutation is characterized by highly variable LVH, as shown by
present and previous studies (50, 114-116). The penetrance of this mutation in adult
patients has been estimated 1o be 100% (50, 114-116), but in our study there were
three patients of at least 17 years of age with LV maximal wall thickness less than 13
mm. Only one of the HCM patients had a maximal LV thickness over 3 cm. The
septum and LV anterior free wall were the areas most often hypertrophied.
Anterolateral segment at mid-cavity level was not hypertrophied in any of the HCM
patients. Of global parameters, LV end-diastolic volume was smaller in HCM patients
compared to controls. Further MRI studies from the other HCM patients caused by

other genes are needed to show whether this phenotype is characteristic to TPM1-
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Asp175Asn gene or whether it is common with other HCM causing mutations. It is
important to use the same LV segmentation to obtain comparable results (17-
segment model according to American Heart Assosiation recommendation for

tomographic imaging modalities (167).

6.2. Measurement of myocardial perfusion by MRI

In this study, a relatively low-dose (0.05 mmol/kg) bolus of Gd-DTPA was injected
into a peripheral vein, and the first-pass of the bolus was cbserved with an inversion-
recovery gradient-echo sequence. Sl versus time curves were fitted, and the SlI
increase, time to peak, and maximal Sl increase were calculated. The segmental
FPR was derived as a ratio of S| change rate values observed in the adenosine
stress MRI to those observed in the MRI at rest.

Findings of impaired perfusion in patients with HCM are in concordance with
positron emission tomography (95, 96, 104), Doppler echocardiography (40, 103)
and velocity-encoded cine MRI (104) studies. In the current study perfusion
impairment was found to be associated with the extent of LVH. This relationship has
also been found in most, but not all, previous studies in patients with HCM. The
present study has some improvements in design compared with previous studies.
The most important advantage is that in all patients with HCM, the disease was
caused by a single mutation. Accordingly, perfusion differences between phenotypes
are not caused by different causative mutations, but instead are really associated
with the extent of LVH. Second, the perfusion impairment was found to be associated
not only with LV MWT but also with LV mass, which characterizes LVH at a more
global level than LV MWT. Third, study patients of the present study included

subjects with the TPM1-Asp175Asn, but no LVH (clinically healthy mutation carriers)
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and also patients with marked LV hypertrophy (LV maximal wall thickness 31 mm). A
large range in measured variable values improves the possibility to detect or exclude
an association between variables. MRI can be recommended in perfusion studies of
clinically unaffected subjects because MRI is a safe noninvasive method that
facilitates measurement of perfusion without radiation exposure or use of nephrotoxic
contrast agents. Quantitative perfusion estimates have been shown to have a high
clinical value in HCM patients, because they are associated with prognosis, also

when obtained at rest (102).

6.3. Myocardial fibrosis
6.3.1. MR imaging of fibrosis

In the present study, Gd-DTPA as a contrast agent and a T1-weighted inversion
recovery sequence 15 minutes after injection of the contrast agent were used to
detect myocardial fibrosis. In previous study, this method has been used to detect
nonviable myocardium in patients with coronary artery disease (186). Myocardial
enhancement heterogeneity, based on numerical Sl values, was quantitatively
measured, enabling to make comparisons between controls and HCM patients and
also to investigate correlations between enhancement heterogeneity, suggestive of
myocardial fibrosis, and features of cardiac phenotype in HCM patients.

Gd-DTPA contrast agent is a biologically inert tracer that distributes in the
extracellular space, but is unable to cross the intact cell membrane (187-189).
Normal myocardium is uniformly tightly packed with cardiomyocytes, and there is low
gadolinium concentration and low signal in MRI fiffeen minutes after Gd-DTPA
injection. In areas of myocardial fibrosis, the extracellular compartment is expanded

(190, 191), allowing contrast agent a larger space to spread out (192). In addition,
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gadolinium wash out from the expanded interstitial space back to peripheral
circulation is decreased (193). These conditions lead to a higher gadolinium
concentration on the late enhancement scan in areas of myocardial fibrosis, which is
seen as a bright signal. Gadolinium-enhanced MRI has been considered to be a
unique tool to detect myocardial fibrosis, with high sensitivity, good spatial resolution,
low cost and without radiation exposure, both in patients with coronary artery disease

and in patients with cardiomyopathies (149-152), including HCM (151, 152).

6.3.2. Association of PIIINP values with MRI-derived LV characteristics in HCM
patients with the TPM1-Asp175Asn mutation

There is only one previous study on procollagens in HCM, and there are no
previous studies on myocardial fibrosis or PIINP values in HCM patients with
identified disease-causing mutations. In the study by Lombardi and coworkers,
patients with HCM had increased levels of PIIINP (194). In the present study, we
found also increased levels of PIIINP in patients with HCM. In contrast to the study
by Lombardi and coworkers, in which PIIINP was inversely related to LV size
measured as LV end-diastolic diameter, we found no relationship between PIIINP
and LV volumes measured by MRI. In the present study, PIINP levels correlated
significantly with young age in both HCM patients and controls. Accordingly, normal
children have been shown to have higher PIIINP values than adults, reflecting high
turnover of soft tissue during childhood growth (195-197).

In HCM patients PIIINP levels were associated with myocardial fibrosis evaluated
by MRI so that HCM patients without myocardial fibrosis in MRI had relatively low
PIIINP values, and PIIINP levels increased linearly with increasing myocardial

fibrosis. Many of the patients with the TPM1-Asp175Asn had normal myocardial
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enhancement, which suggests that myocardial fibrosis is not a primary phenotype
determined by the genotype. Accordingly, in a transgenic rabbit model recapitulating

the phenotype of human HCM, fibrosis was not a primary phenotype (198).

6.4. Increased adrenergic activity in HCM

Many clinical features of HCM and previous studies (76-78, 199) suggest
accentuated cardiac adrenergic activity in this disease. In the present study, '#I-
MIBG washout was faster in HCM patients with the TPM1-Asp175Asn than in healthy
volunteers, which is in concordance with enhanced cardiac adrenergic activity in
HCM. Moreover, in patients with HCM, global 'I-MIBG washout correlated with LV
mass and LV maximal wall thickness, suggesting that enhanced cardiac adrenergic
activity is one factor explaining the variability of LVH in HCM patients with the TPM1-
Asp175Asn. The current study has methodological advantages compared with
previous studies. In this study, HCM patients represented a wide spectrum of
hypertrophy, since the study group included patients with no hypertrophy, patients
with mild LVH, and patients with marked LVH. In addition, LVH was measured with
MRI, which allows a more accurate and more reproducible LVH evaluation than
echocardiography (6, 7). Finally, all previous studies on cardiac adrenergic activity in
HCM have been performed in patients who have not been genetically characterized
(76-78, 199, 200). Although some of these studies have shown that adrenergic
activity is associated with the extent of LVH, these findings could be explained by
different genetic defects causing HCM. Namely different defects in sarcomeric genes
induce LVH to a variable extent, and variable myocardial sympathetic activity might
also be related to different causal mutations. In the present study, however, all

patients had the same gene defect of the TPM-1 gene. Consequently, the
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association between accentuated adrenergic activity and LVH shown by the present

study cannot be attributed to variable causal mutations.

6.5. Insertion/deletion pelymorphism of the angiotensin-l converting enzyme

We observed a positive trend between the number of D alleles of the angiotensin-I
converting enzyme gene and both LV mass and LV MWT in patients with the
Asp175Asn mutation in TPM1, but the association was not statistically significant.
Although the possibility of a statistical type Il error cannot be excluded, our results are
in accordance with previous studies that indicate a relatively minor influence of the
ACE gene polymorphism on LV hypertrophy in patients with HCM (62, 201).

The insertion/deletion polymorphism of the angiotensin-l converting enzyme is
supposed to influence plasma ACE activity so that plasma ACE activity is significantly
higher in individuals with the deletion allele than in individuals with the | allele. This, in
turn, could activate the systemic renin-angiotensin system, which regulates sodium
balance and intravascular volume and interacts with other blood pressure control
mechanisms, including the sympathetic nervous system and baroreflexes (202). In
other words, patients with deletion polymorphism could have increased activity of
systemic renin-angiotensin system which, in turn, could induce LVH. On the other
hand, the Il genotype of the ACE gene has been suggested to be a risk factor for
atrial fibrillation in patients with HCM (202) which could be triggered by hypotension
and paradoxal peripheral vasodilatation during central volume unloading (203, 204).
More studies on the relationship between ACE activity, LV mass, left atrial size and
function, and peripheral vasoreactivity are needed. MRI should be employed in such
studies, because it facilitates accurate measurements of LVH (137, 178), left atrium

size (205) and also peripheral vasoreactivity (204).
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6.6. Study limitations
6.6.1. Study subjects

The present study included a relatively limited number of HCM patients with a
single causative mutation. Although most sarcomeric mutations are considered hypo-
contractile (23) the findings of the present study cannot necessarily be extrapolated
to all HCM-causing mutations. On the other hand, as demonstrated by the present
study, an adequate number of HCM patients with an identical disease causing
mutation are needed to investigate the relationship between contractility and LVH,
since different causal mutations induce both contractile deficits and LVH to a variable

degree.

6.6.2. Methodological limitations in cine MRI

First, when measuring LV wall thickness at end systole by cine MRI, the
endocardial surface can be obliterated by papillary muscles and trabeculations.
However, by observing the moving structures in cine series image by image, it is
usually possible to detect the endocardium in end systole. Only a few segments had
to be excluded from image analysis in the present study due to endocardial surface
obliteration. Second, plane motion of the heart can lead to myocardium moving out of
plane at end systole with respect to end diastole, which might disturb assessment of
the relationship between contractility and LVH. To exclude this error, we investigated
the relationship between LV contractility and LVH by using segments at the mid-
ventricular level only, where longitudinal movement of LV is relatively minor (4 mm)
(127, 144). This approach did not influence the results.

With the MRI myocardial tissue tagging method, it is possible to determine

regional myocardial shortening three-dimensionally (126-128, 206, 207). Tissue



122

tagging images are easy to obtain, but image analysis is complicated and no
commercial software packages are available. Fractional thickening analysis, in
contrast, is easy to define and analysis can be performed with any software that can
measure distance. Measurement of regional systolic function accurately is a great
challenge in cardiac imaging. Better imaging sequences and image analysis

programs and methods are still needed.

6.6.3. Limitations of MR first-pass perfusion imaging

In the current study, first-pass parameters were used to obtain a semiquantitative
estimate of myocardial perfusion. With optimal conditions, as when contrast medium
is injected into the left atrium, this approach has been proved to yield measurements
that have a close correlation with myocardial blood flow measurements made using
radiolabeled microspheres (208). This method has also been shown to be sensitive
in the detection of perfusion abnormalities in patients with coronary artery disease
(209, 210). However, to the best of our knowledge, the present study was the first in
which the first-pass MR technique was used to depict perfusion abnormalities in
patients with HCM.

The changes in parameters derived of signal-intensity versus time curves at rest
and during adenosine-induced vasodilatation do not necessarily reflect alterations in
perfusion only. Rather, they also reflect alterations in the systemic circulation and
dispersion in the bolus of contrast agent. More importantly, during the first-pass of
agent through the capillary network, about half of the agent leaks out of the vessel
into the interstitial space (211, 212). Thus, the alteration in the S| increase may be
due not only to altered flow, but also to changes in the interstitial space or extraction

efficiency.
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If one were to perform a perfusion study with both an intravascular contrast agent
and a small molecular compound such as Gd-DTPA, one could possibly differentiate
the specific components of perfusion malfunction, i.e. intravascular flow and
extraction through the capillary network. This approach may be especially informative
in patients with HCM, since the basic cause of perfusion abnormalities is unknown.

The calculated Sl change rate ratio in the two-injections-at-rest control group was
only 0.71 instead of the anticipated 1.00. This result implies that these methods tend
to underestimate the true perfusion reserve. This is in concordance of our numerical
estimates of perfusion reserve: In patients with HCM and healthy controls, the mean
perfusion reserve in our study was 1.1 and 1.8, respectively, compared to 1.6 and 2.8
in previous studies (Table 3). One reason for this underestimation is probably related
to the influence of residual myocardial gadolinium in the second first-pass curve.
Residual gadolinium, however, can not explain the impaired slope at stress in
patients with HCM, because baseline signal intensity values before rest and stress
injection did not differ between HCM patients and controls. Accordingly, to reduce
methodological errors in the assessment of perfusion in patients with HCM, only a

single high-dose injection should be performed in a single imaging session.

6.6.4. Study limitations in the estimation of fibrosis

In linear regression analyses, the correlation coefficient between PIIINP and
myocardial fibrosis was relatively low. This is not surprising because there are
multiple possibilities that may weaken this correlation. First, not all PIIINP is derived
from the heart (213). Second, the half-life of PIIINP is relatively short, and PIIINP
levels may reflect short time alteration in collagen metabolism. Contrast-

enhancement, however, represents anatomical changes and are probably more
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stable (214). Third, myocardial fibrosis in HCM may comprise also other collagens,
such as collagen |1 (215). It is also important to note, that image analysis method
used does not recognize diffusely distributed myocardial fibrosis, because
enhancement heterogeneity only was measured. Further studies are needed to
clarify whether contrast-enhanced MRI can detect diffusely distributed fibrosis or a
diffusely enlarged interstitial space, which is a common finding in cardiomyopathies
according to histopathological studies (29-32). In the current study, only six LV
segments and two one centimeter thick short-axis LV slices were used for image
analysis. Thus measurement sample covered less than 50% of the total myocardial
volume. Whole LV imaging with pixel by pixel image analysis would be preferable.
The late-enhancement imaging sequence used in the current study (single-shot
Turbo-Flash with a stable 300 msec inversion time) does not represent state-of-the
art sequence to detect delayed hyperenhancement (130, 151). Basically, imaging
findings in the Turbo-Flash sequence are the same as in segmented inversion

recovery images, but tissue contrast is clearly inferior to modern sequences (130).

6.6.5. Study limitations in the estimation of adrenergic activity and its association with
LVH

In the current study, we measured cardiac adrenergic activation by using washout
kinetics of 'I-MIBG, which is a norepinephrine analogue. Experimental and human
studies link "?°I-MIBG tracer activity closely to the adrenergic nervous system (216).
However, further studies of the '**I-MIBG kinetics at the cellular level are needed to
understand the exact background of increased '?*I-MIBG washout in HCM.

In the current study, an association between adrenergic activity and LVH could be

found. In a cross-sectional study-setting, however, the degree of confidence in the
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direction and nature of causality is weaker than in a longitudinal study. However,
other results support the conception that adrenergic activity could cause LVH. For
example, without endogenous norepinephrine and epinephrine (neurotransmitters of
adrenergic system) no activation in the pathways signaling LVH occur (217). In
addition, transgenic mice lacking both Gag and Gaq in cardiomyocytes, receptors
coupled to endothelin-1, norepinephrine or angiotensin Il, a complete lack of LVH in
response to pressure overload has been found (218). In contrast, to our best
knowledge, no studies have indicated that LVH induces enhanced adrenergic

activity.

6.7. Clinical implications
6.7.1. Association of contractile impairment and adrenergic activity with LVH

The extent of myocardial contractile impairment by cine MRI was a strong
correlate of LV hypertrophy, supporting the concept that LVH in HCM is secondary.
The notion that cardiac adrenergic activity is associated with LVH in genetically
identical patients is a novel finding that raises new questions. For example, could

LVH be prevented by modifying sympathetic activity in HCM?

6.7.2. Myocardial ischemia in HCM

The role of myocardial perfusion in the evaluation risk for sudden cardiac death
has been investigated in one study (102). In that study, impaired capability to
increase myocardial perfusion during drug-induced vasodilation was found o be a
risk factor for sudden cardiac death in patients with HCM (102). First-pass MR
perfusion imaging is a widely available noninvasive method to measure myocardial

perfusion without ionizing radiation. This facilitates the use of perfusion measurement
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in the risk stratification of HCM patients. This could be useful especially in patients
with an intermediate risk (patients with one intermediate or weak risk factor) after
assessment of conventional clinical risk factors. However, prospective studies of the
importance of the MRI-derived perfusion abnormalities are needed before MRI
perfusion imaging can be used routinely in the clinic.

In previous studies, the extent of LV hypertrophy seems to be related to the risk of
sudden cardiac death (49, 219, 220). In the current study, a strong association
between LVH and impaired stress perfusion was found. Accordingly, the present
study suggests that one factor explaining the increased risk of sudden death in

patients with HCM and severe LV hypertrophy might be myocardial ischemia.

6.7.3. Myocardial fibrosis in HCM

Prevention of fibrosis formation might be a target for the treatment of patients with
HCM. Two animal studies have suggested that myocardial fibrosis in HCM might be
reversible. Angiotensin Il blockade by losartan reversed interstitial fibrosis in hearts of
transgenic cTnT-Q% mice (221). Simvastatin, which inhibits angiotensin ll-mediated
myocyte hypertrophy (222, 223), induced regression of hypertrophy and fibrosis in
transgenic B-myosin heavy chain-Q*® rabbits (224). Human studies have been
lacking so far, but are needed to investigate whether myocardial fibrosis in HCM, as

evaluated quantitatively by MRI, could be prevented or diminished by drugs.
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7. SUMMARY AND CONCLUSIONS

The main findings of the present study were as follows:

1)

2)

3)

4)

Despite the fact HCM was caused by the same causal mutation in all study
subjects, LVH varied from normal to severe. The proportion of hypokinetic
segments was increased in HCM patients with TPM1-Asp175Asn. Moreover,
the proportion of hypokinetic segments was the only correlate of LV MWT, and
the most important correlate of LV mass, explaining 48% and 42% of LV MWT
and LV mass variability, respectively.

Detection of perfusion abnormalities in patients with HCM with the first-pass
MRI technique is feasible. The global FPR was decreased in patients with
HCM, indicating that the ability to increase myocardial perfusion during
adenosine-induced maximal vasodilatation is impaired in these patients. In
addition, global FPR impairment was associated with the extent of LVH in
patients with HCM. Because HCM was caused by an identical gene defect in
all study patients, the perfusion impairment in HCM in this study was related
not to the genotype, but to the phenotype — in other words, to the extent of
LVH.

The myocardium was enhanced heterogeneously by Gd-DTPA in patients with
HCM caused by TPM1-Asp175Asn. The heterogeneity was associated with
increased levels of PIIINP, indicating that enhancement heterogeneity is
associated with a fibrotic process in the heart.

'2|_MIBG washout was augmented in HCM patients with the TPM1-
Asp175Asn indicating enhanced cardiac adrenergic activity in HCM. Moreover,

in patients with HCM, global 'I-MIBG washout correlated with the LV mass
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and LV maximal wall thickness, supporting the hypothesis that cardiac

adrenergic activity is a hypertrophy-modifying factor in HCM.

To conclude, cine MRI is a feasible method to detect not only LV hypertrophy but
also the extent of contractile impairment in HCM. In patients with HCM caused by the
Asp175Asn mutation in the a-tropomyosin gene, LV hypertrophy and segmental
contractility are highly variable, and the extent of the myocardial contractile
impairment is a strong correlate of LV hypertrophy. First-pass MR perfusion imaging
is a promising method that may have the role in the risk stratification of HCM
patients. Enhancement heterogeneity in HCM is related to altered collagen
metabolism, indicating that enhancement heterogeneity on MRI reflects a myocardial
fibrotic process in patients with HCM. Finally, increased cardiac adrenergic drive,
possibly induced by systolic hypokinesia, is associated with LVH, indicating that
adrenergic activity modifies LVH in HCM. Figure 18 summarizes the hypothesis for

the pathogenesis of HCM supported by findings of the present study.
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Pathogenesis of hypertrophic cardiomyopathy

TPM1-Asp175Asn in sarcomeric gene
-+ Expression of the mutant protein
----- « Motor dysfunction in sarcomere

+

| Myocardial hypokinesia |

\
| Sympathetic activity |

\

Renin-angiotensin system
Left ventricular hypertrophy ‘ Growth factors
Gytokines

- . Ischemia
Arrhythmias

Figure 18. Hypothesis for the pathogenesis of hypertrophic cardiomyopathy

phenotypes.

The present study shows that MRI can without radiation exposure provide a
noninvasive and multispectral characterization of cardiac anatomy and function in
patients with HCM. Cardiac MRI can be used not only in the characterization of
individual patients with HCM, but also in the examination of pathophysiology of HCM,
especially when cardiac MRI data is interpreted in conjunction with functional data

provided by scintigraphic imaging.
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