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Cine MR Imaging of
Myocardial Contractile
Impairment in Patients
with Hypertrophic
Cardiomyopathy Attributable
to Asp175Asn Mutation in the
�-Tropomyosin Gene1

PURPOSE: To prospectively investigate the relationship between myocardial con-
tractile impairment and left ventricular (LV) hypertrophy measured at cardiac mag-
netic resonance (MR) imaging in patients with hypertrophic cardiomyopathy (HCM)
caused by the substitution of aspartic acid 175 with asparagine (ie, Asp175Asn
mutation) in the �-tropomyosin gene (TPM1).

MATERIALS AND METHODS: The study protocol was approved by the hospital
ethics committee, and all subjects gave written informed consent. LV mass, maximal
LV wall thickness, and myocardial fractional thickening during systole were mea-
sured at cine MR imaging in 24 subjects (11 male, 13 female; mean age, 42 years;
age range, 17–68 years) with the Asp175Asn mutation in TPM1 and in 17 healthy
volunteers (eight men, nine women; mean age, 38 years; age range, 23–60 years).
The proportion of hypokinetic LV segments was calculated as the number of LV
segments with fractional thickening of less than 30% divided by the total number of
segments measured. Anthropometric and biochemical correlates of LV hypertrophy
were determined. Univariate and multiple linear regression analyses were used to
investigate the association of the proportion of hypokinetic segments and other
correlates of LV hypertrophy with LV mass and maximal wall thickness.

RESULTS: The proportion of hypokinetic segments was higher in patients with
HCM than in control subjects (37% � 20 [standard deviation] vs 12% � 12, P �
.001). In stepwise multiple regression analysis, the proportion of hypokinetic seg-
ments accounted for 42% (P � .001); the LV end-diastolic volume, for 24% (P �
.003); and male sex, for 10% (P � .014) of the variability in LV mass in patients with
HCM. The proportion of hypokinetic LV segments, which accounted for 48% of the
variability in LV maximal wall thickness (P � .001), was the only variable significantly
associated with maximal wall thickness.

CONCLUSION: The extent of myocardial contractile impairment is strongly and
independently related to LV mass and maximal wall thickness in patients with HCM
attributable to the Asp175Asn mutation in TPM1.
© RSNA, 2005

Supplemental material: radiology.rsnajnls.org/cgi/content/full/2363041165/DC1

Hypertrophic cardiomyopathy (HCM) is a primary myocardial disease caused by muta-
tions in genes that encode sarcomeric proteins. In patients with HCM, left ventricular (LV)
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hypertrophy is variable and explained
only in part by the causative mutation;
this fact suggests that genetic or environ-
mental modifiers account for the pheno-
typic differences in HCM (1). The inser-
tion-deletion polymorphism of the an-
giotensin-converting enzyme (ACE) gene
is most consistently reported to be re-
lated to LV hypertrophy in patients with
HCM who have identical causative mu-
tations, accounting for 10%–15% of the
variability in LV hypertrophy (2–4). The
other factors that influence LV hypertro-
phy in HCM caused by the same muta-
tion are largely undefined.

Echocardiography, which has been the
standard method of assessing genotype-
phenotype correlations in HCM, is lim-
ited by a variable acoustic window, inad-
equate LV wall visualization in more dis-
tant areas, and inaccurate evaluation of
the LV mass in patients with asymmetric
hypertrophy (5,6). In contrast, cardiac
magnetic resonance (MR) imaging en-
ables a comprehensive evaluation of LV
function, LV wall thickness, and LV mass
in patients with HCM (5–8). Previous MR
imaging studies (9,10) have revealed im-
paired regional LV contractility in pa-
tients with HCM. To our knowledge,
there are no previously published MR im-
aging studies of the relationships be-
tween LV mass, LV maximal wall thick-
ness (MWT), and LV contractility in pa-
tients with HCM.

To exclude the confounding effects of
different causative mutations on LV hy-
pertrophy, a study of the relationship be-
tween LV contractility and LV hypertro-
phy should be performed with patients
in whom HCM-causing mutations have
been identified. Therefore, the purpose of
our study was to prospectively investi-
gate the relationship between myocardial
contractile impairment and LV hypertro-
phy measured by using cardiac MR imag-
ing in patients with HCM caused by the
substitution of aspartic acid 175 with as-
paragine (ie, Asp175Asn mutation) in the
�-tropomyosin gene (TPM1).

MATERIALS AND METHODS

The study protocol was approved by the
Kuopio University Hospital ethics com-
mittee, and all subjects gave written in-
formed consent.

Selection of Index Patients with
HCM

Kuopio University Hospital serves a re-
gion in Eastern Finland that is inhabited
by approximately 250 000 individuals.

All patients who are suspected of having
or confirmed to have HCM in this area
are referred to the Kuopio University
Hospital Division of Cardiology, Depart-
ment of Medicine, for diagnosis and
treatment. All available unrelated pa-
tients from this area who were suspected
of having or confirmed to have HCM,
according to hospital records, were exam-
ined by the same cardiologist (J.K., with
10 years experience in cardiology). A to-
tal of 36 unrelated patients older than 16
years who fulfilled the criteria for defi-
nitely having HCM were identified (11).

Clinical Diagnosis of HCM in Index
Patients and Relatives

In the index patients, the clinical diag-
nosis of HCM was based on the demon-
stration of a maximum end-diastolic LV
wall thickness of at least 15 mm at two-
dimensional echocardiography in the ab-
sence of other causes of LV hypertrophy
such as arterial hypertension or aortic
stenosis. Because the general criteria for
the diagnosis of HCM are not sensitive
enough for use in diagnosing HCM in the
first-degree relatives of patients with es-
tablished HCM, the clinical diagnosis of
HCM in the adult relatives of the index
patients was based on the diagnostic cri-
teria suggested by McKenna et al (12).
Briefly, relatives who had an LV end-dia-
stolic wall thickness of at least 13 mm
at two-dimensional echocardiography or
who had pathologic Q waves, LV hyper-
trophy with repolarization changes, or
deep T-wave inversions at electrocardiog-
raphy were considered to be clinically af-
fected with HCM.

Genetic Analysis

The genetic screening for variants in
TPM1 was performed by using the poly-
merase chain reaction–single-strand con-
formation polymorphism method and
direct sequencing, as previously de-
scribed (11). Genotypes of the ACE poly-
morphism were determined by using the
polymerase chain reaction and previ-
ously described primers and methods
(13,14).

Final Study Population

Four of the 36 unrelated patients with
HCM were heterozygous carriers of the
Asp175Asn mutation in TPM1, which is a
well-established HCM-causing mutation
(11,15,16). All available relatives of the
index patients with the Asp175Asn mu-
tation were examined, and 23 relatives
were found to have this substitution. In

addition, one family of four HCM-af-
fected individuals from Western Finland
who had the identical TPM1 mutation
was included in the study. Thus, a total
of 31 heterozygous carriers of the
Asp175Asn mutation in TPM1 from five
families were identified. A conserved
haplotype between an intragenic micro-
satellite marker, HTM�CA, and two extra-
genic microsatellite markers, D15S1036
and D15S108, that spanned a region of
about 3 cM (on the Marshfield map) and
co-segregated with the mutation was ob-
served in all five families (11,17).

One of the 31 subjects was not in-
cluded in the study because she had un-
dergone coronary bypass surgery, and six
subjects were not willing to participate.
Thus, the final patient population in the
present study consisted of 24 patients (11
male, 13 female; mean age, 42 years � 13
[standard deviation]; age range, 17–68
years) with the Asp175Asn mutation in
TPM1 from five families. Two of these 24
subjects did not fulfill the echocardio-
graphic or electrocardiographic criteria
for HCM and thus were regarded as
healthy mutation carriers. For practical
reasons, however, all subjects with the
Asp175Asn mutation in TPM1 are re-
ferred to as patients with HCM in the
following analyses.

Control Subjects

Seventeen healthy volunteers (eight
men, nine women; mean age, 38 years �
12; age range, 23–60 years) without his-
tories of cardiac disease and with sex and
age distributions similar to those of the
patients with HCM were recruited for the
study. We examined the control subjects
by using protocols that, with the excep-
tion of the ACE genotype determina-
tions, were identical to the protocols
used to examine the patients with HCM.

Clinical and Echocardiographic
Evaluations

All patients with HCM and all control
subjects were interviewed; underwent
height, weight, and at-rest arterial blood
pressure measurements; and were exam-
ined with echocardiography, as previ-
ously described (18). The clinical and
echocardiographic examinations of all of
the study subjects were performed by the
same cardiologist (J.K., with 10 years ex-
perience in cardiac echocardiography).
Laboratory testing consisted of hemato-
crit, norepinephrine, epinephrine, so-
matomedin, renin, aldosterone, fasting
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glucose, and fasting insulin level mea-
surements (19).

MR Imaging

MR imaging was performed by one ra-
diologist (P.S., with 6 years experience in
cardiac MR imaging) by using a 1.5-T
clinical MR imaging unit (Magnetom Vi-
sion; Siemens Medical Systems, Erlangen,
Germany). A phased-array body coil was
used as the receiver. After scout MR im-
ages were obtained, 10-mm sections with
no intersection gap were acquired in the
short-axis plane, from the base to the
apex of the heart, by using a turbo fast
low-angle shot sequence (20,21). The pa-
rameters used to perform cine MR imag-
ing were as follows: 60/4.8 (repetition
time msec/echo time msec) with fivefold
k-space segmentation, a 20° flip angle, a
110 � 256 data matrix, and a 280–
320-mm field of view with a 256 � 256
interpolated matrix. The subjects were
imaged during multiple breath holds
(one section acquired per breath hold).
The average length of time for one breath
hold was 20 seconds. The mean number
of sections needed to image the entire LV
in the short-axis orientation was 9.6 �
1.3 (standard deviation) (range, 8–14 sec-
tions). In addition, we obtained two- and
four-chamber long-axis views to evaluate
the thickness of the cardiac apex. The
time resolution in cine imaging was 30
msec. During image acquisition, a mean
of 24 phases � 5 (range, 13–35) were
obtained.

Image Analyses

The same radiologist (P.S.) performed
all of the anatomic measurements on MR

images by using Numaris software (Sie-
mens, Erlangen, Germany), which was
provided with the MR imaging system.
LV end-diastolic wall thickness, end-sys-
tolic wall thickness, and systolic thicken-
ing were evaluated in the short-axis ori-
entation at the basal (ie, tips of the mitral
valve leaflets), midcavity (ie, papillary
muscles), and apical (ie, beyond the pap-
illary muscles but before the cavity ends)
levels. The end-diastolic MR image was
the first image acquired after the R wave
of the electrocardiographic signal, and
the end-systolic MR image was the image
showing the smallest LV area at the mid-
ventricular level. The short-axis sections
were divided into 16 segments according
to recent guidelines from the Cardiac Im-
aging Committee of the Council on Clin-
ical Cardiology of the American Heart
Association (22): six segments each at the
basal and midcavity levels and four seg-
ments at the apical level in the short-axis
plane (Fig 1). In addition, the end-dia-
stolic wall thickness of the true apex was
measured on long-axis images. However,
owing to insufficient endocardial delin-
eation on turbo fast low-angle shot im-
ages (21), the end-systolic thickness of
the apex was not measured. The maximal
end-diastolic wall thickness of the LV at
any location was measured and defined
as the LV MWT.

To evaluate LV mass, we manually
traced the endocardium and the epicar-
dium, with the papillary muscles and the
trabeculations excluded, on end-diastolic
MR images. The total myocardial volume
of the LV was calculated with the Simp-
son method by multiplying each traced
myocardial area by the section thickness
(10 mm) and by summing the volumes of

the separate sections combined. The LV
end-diastolic and end-systolic volumes
were computed in a similar fashion by
using short-axis end-diastolic and end-
systolic areas, respectively. Stroke vol-
ume was calculated by subtracting the LV
end-systolic volume from the LV end-di-
astolic volume. Myocardial mass was cal-
culated by multiplying the myocardial
volume by the myocardial density (1.05
g/mL). The LV mass index was calculated
by dividing the mass of the LV by the
body surface area, which was calculated
by using the following equation: [w � h)/
3600]0.5 (23), where w is the weight, in
kilograms, and h is the height, in centi-
meters.

Measurement of LV Contractility
with MR Imaging

The global ejection fraction was calcu-
lated as the stroke volume divided by the
end-diastolic volume. Fractional thicken-
ing in each of the 16 LV short-axis seg-
ments was calculated as follows: [(Tes �
Ted)/Ted] � 100, where Tes is the end-sys-
tolic wall thickness and Ted is the end-
diastolic wall thickness. A segment with
fractional thickening of less than 30%
was considered to be hypokinetic (24).
The proportion of hypokinetic segments
was calculated by dividing the number of
hypokinetic segments by the total num-
ber of LV segments measured. Fractional
thickening was not measured in one pa-
tient, who had atrial fibrillation. In addi-
tion, in 27 (4%) of 640 segments, frac-
tional thickening could not be measured
owing to insufficient image quality,

Figure 1. Basal (left), midcavity (middle), and apical (right) end-diastolic cine MR images (60/4.8) obtained in a 19-year-old male patient with
HCM show locations of segments in the short-axis orientation based on American Heart Association guidelines for standardized myocardial
segmentation at tomographic imaging (22). The basal image was obtained at the level of the tips of the mitral valve leaflets; the midcavity image,
at the level of the papillary muscles; and the apical image, at the level beyond the papillary muscles.
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masking of the LV wall thickness by the
papillary muscles, or the closeness of the
outflow tract of the LV.

Statistical Analyses

Because the LV mass and the plasma
renin, serum aldosterone, and fasting
plasma insulin levels were not normally
distributed, these variables were log 10
transformed in all statistical analyses.
The independent samples t test was used
to study the differences in continuous
variables between the patient and con-
trol study groups. Because segmental wall
thickness and segmental fractional thick-
ening were measured in multiple seg-
ments per patient, the differences in seg-
ments between groups were analyzed by
using appropriate least-square mean dif-
ferences (and the corresponding P values)
estimated from the mixed model that ac-
counted for the possible dependencies of
the measurements within subjects (25).
The Kruskal-Wallis test was used to study
differences in ACE genotypes between
the patients with HCM and the control
subjects. The Levene test for equality of
variances was used to study the differ-
ence in LV MWT variability between the
patients with HCM and the control sub-
jects. Univariate linear regression analy-
sis was used to investigate the association
of the proportion of hypokinetic seg-
ments and other correlates of LV hyper-
trophy with LV mass and LV MWT, as
well as the association of LV segmental
end-diastolic wall thickness with frac-
tional thickening. Correlates that were
significant (P � .05) in univariate analy-
sis were included in the multiple regres-
sion analysis.

The multicolinearity of variables in
multivariate analysis was investigated by
using colinearity statistics tolerance. A
tolerance limit of greater than 0.7 was
used to indicate non-multicolinearity. By
using the stepwise method, we entered or
removed variables from the model if the
probability of the F value was less than
.05 or greater than .10, respectively, and
the change in R2 value was used to assess
the contribution of each variable to LV
mass. Mixed-model analysis was per-
formed by using SAS for Windows, ver-
sion 8.02 (SAS Institute, Cary, NC), and
all other statistical analyses were per-
formed by using SPSS for Windows, ver-
sion 11.5.1 (SPSS, Chicago, Ill). Data are
presented as means � standard devia-
tions.

RESULTS

Clinical and Echocardiographic
Findings

The clinical and echocardiographic find-
ings in the patients with the Asp175Asn
mutation in TPM1 are summarized in Ta-
ble 1. There was no significant difference in
systolic or diastolic blood pressure between
the patients with HCM and the control
subjects. At two-dimensional echocardiog-
raphy, the mean maximal end-diastolic
thickness of the septum was 19 mm � 6
(range, 8–29 mm). At echocardiography,
the LV end-diastolic and end-systolic di-
ameters and the LV ejection fraction were
within the normal limits in all of the pa-
tients with HCM. None of the patients
with HCM had a significant (�25 mm Hg)

obstruction of the LV outflow tract. One
of the patients with HCM had undergone
myotomy-myectomy surgery. One-third
of the patients with HCM were taking car-
diac medication—most often �-blocking
agents.

The clinical and echocardiographic
findings in the control subjects also are
shown in Table 1. All control subjects
had normal physical examination, elec-
trocardiographic, and echocardiographic
findings, as well as normal blood pres-
sure.

ACE Polymorphisms and
Biochemical Markers

Four (17%) of the patients with HCM
had the DD genotype, 15 (62%) had the
ID genotype, and five (21%) had the II

Figure 2. (a, b) Graphs illustrate LV mass (a) and LV MWT (b) in MR
imaging in 24 patients with HCM and in 17 healthy control subjects.
A significant difference in LV MWT between the patients with HCM
and the control subjects is demonstrated.

TABLE 1
Clinical Characteristics of Patients with HCM Attributable to the Asp175Asn
Mutation in TPM1 and of Control Subjects

Characteristic*
Patients with HCM

(n � 24)
Control Subjects

(n � 17)

No. of male/female subjects 11/13 8/9
Age (y) 42 � 13 38 � 12
Systolic blood pressure (mm Hg) 133 � 16 128 � 15
Diastolic blood pressure (mm Hg) 84 � 11 78 � 10
Echocardiographic finding

2D IVSD (mm) 19 � 6 9 � 1†

LV EDD (mm) 43 � 6 50 � 4†

LV ESD (mm) 27 � 6 31 � 3†

Ejection fraction (%) 68 � 10 67 � 7
Vmax (m/sec) 1.4 � 0.5 1.3 � 0.2

Note.—All data, except the numbers of male and female subjects, are mean values � standard
deviations.

* EDD � end-diastolic diameter, ESD � end-systolic diameter, 2D IVSD � maximal end-diastolic
thickness of interventricular septum at two-dimensional echocardiography, Vmax � maximal flow
velocity in the LV outflow tract.

† Differences were significant at independent samples t test (P � .001).
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genotype of the ACE gene. The respective
numbers in a previously examined group
of 110 control subjects were 34 (31%), 61
(56%), and 15 (14%) subjects (P � .137)
(14). Plasma epinephrine and plasma in-
sulin levels were significantly higher in
the patients with HCM than in the con-
trol subjects (330 pmol/L � 220 vs 130
pmol/L � 90 [P � .001] and 62.4 pmol/
L � 25.8 vs 45.0 pmol/L � 10.8 [P �
.019], respectively). No significant differ-
ences in the levels of the other biochem-
ical markers were observed between the
patients with HCM and the control sub-
jects (data not shown).

LV Mass and Volume in MR
Imaging

No significant differences in LV mass
(151 g � 57 vs 123 g � 32, P � .064) or LV
mass index (77 g/m2 � 24 vs 66 g/m2 �
12, P � .099) were observed between the
patients with HCM and the control sub-

jects, although there was a trend toward
increased LV mass in the HCM group (Fig
2a, Table 2). The patients with HCM had
smaller LV end-diastolic volumes (Table
2). Accordingly, the volume-adjusted LV
mass was greater in the patients with
HCM than in the control subjects (1.27
g/mL � 0.33 vs 0.86 g/mL � 0.22, P �
.001). The LV end-systolic volume was
similar between the two groups (Table 2),
but the stroke volume was smaller in the
patients with HCM (70 mL � 24 vs 90
mL � 18, P � .008).

LV MWT in MR Imaging

In the patients with HCM, the LV
MWT was increased (19.5 mm � 4.9)
compared with that in the control sub-
jects (9.7 mm � 1.7, P � .001) (Table 2).
In Levene test analysis, LV MWT values
were more variable among the patients
with HCM than among the control sub-
jects (P � .014) (Figs 2b, 3). Three of the

24 patients with the Asp175Asn muta-
tion in TPM1 had an LV MWT of less
than 13 mm in MR imaging: 11 mm in
two patients and 10 mm in one patient.
The highest LV MWT among the patients
with HCM was 31 mm.

Segmental Wall Thickness in MR
Imaging

The end-diastolic wall thickness values
in 17 LV segments in the patients with
HCM and in the control subjects are sum-
marized in Table 3. The anterior segment
at the basal level was the thickest in the
patients with HCM (16.8 mm � 6.3). The
anterior septum at the basal level and the
inferoseptal wall at the midcavity level
were hypertrophied (�13 mm in 18
[75%] patients with HCM) the most of-
ten. The anterolateral segment at the
midcavity level was not hypertrophied in
any of the patients with HCM, and the
apex was hypertrophied (�13 mm) in
only one of these patients.

LV Contractility in MR Imaging

The global LV ejection fraction mea-
sured in MR imaging was similar between
the patients with HCM (58% � 7) and
the control subjects (61% � 7, P � .227)
(Table 2). However, the segmental frac-
tional thickening values were lower in
the HCM group (44% � 32) than in the
control group (62% � 31, P � .001) (Ta-
ble 3). Also, in three patients who had
the Asp175Asn mutation in TPM1 but
normal LV wall thickness in MR imaging,
the mean fractional thickening was de-
creased compared with that in the con-
trol subjects (52% � 26 vs 63% � 31, P �
.045). The proportion of hypokinetic seg-
ments was higher in the patients with
HCM (37% � 20; range, 6%–81%) than
in the control subjects (12% � 12; range,
0%–31%) (P � .001).

In the patients with HCM, most (11 of
16) of the segments had decreased frac-
tional thickening compared with the
fractional thickening of segments in the
control subjects. Some segments, partic-
ularly those in anterolateral and apical
areas, had fractional thickening values
similar to those in the control subjects
(Table 3).

Association of LV Contractility with
LV Mass and MWT in Patients with
HCM

At the segmental level, LV end-dia-
stolic wall thickness correlated negatively
with fractional thickening of the seg-
ment (r � �0.741, P � .001 [Fig 4]). Mean

Figure 3. End-diastolic cine MR images (60/4.8, 20° flip angle) show great variability in LV
hypertrophy between two cousins with the Asp175Asn mutation in TPM1: (a) a 19-year-old man
with the Asp175Asn mutation in TPM1 and extensive LV hypertrophy (arrows) and (b) a
17-year-old girl with the same mutation but no hypertrophy (LV MWT, 10 mm).

TABLE 2
LV Characteristics in Patients with HCM and in Control Subjects
at Cine MR Imaging

LV Characteristic
Patients with HCM

(n � 24)*
Control Subjects

(n � 17)* P Value†

Mass (g) 151 � 57 (80–313) 123 � 32 (74–197) .064
MWT (mm) 19.5 � 4.9 (10–31) 9.7 � 1.7 (7–12) �.001
End-diastolic volume (mL) 122 � 45 (71–287) 146 � 25 (100–195) .038
End-systolic volume (mL) 52 � 29 (33–176) 56 � 15 (37–95) .565
Stroke volume (mL) 70 � 24 (23–136) 90 � 18 (47–118) .008
Ejection fraction (%) 58 � 7 (39–73) 61 � 7 (47–73) .227

* Data are mean values � standard deviations. Numbers in parentheses are ranges.
† P values calculated with independent samples t test.
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fractional thickening did not correlate
significantly with LV mass (r � �0.406,
P � .055) or LV MWT (r � .236, P � .278).
However, the proportion of hypokinetic
LV segments was strongly associated with
LV mass (r � 0.647, P � .001 [Fig 5a]) and
LV MWT (r � 0.691, P � .001 [Fig 5b]).
When the data for three patients who
had the Asp175Asn mutation in TPM1
but no LV hypertrophy and for one pa-
tient who had undergone myectomy pre-
viously were excluded from the analyses,
the associations between proportion of

hypokinetic segments and both LV mass
(r � 0.638, P � .003) and LV MWT (r �
0.613, P � .005) remained significant.
When the proportion of hypokinetic seg-
ments was calculated by assessing the
midcavity segments only, the associa-
tions between proportion of hypokinetic
segments and both LV mass and LV
MWT also remained significant (r �
0.605 and P � .002 for both analyses).

Figure 6 and Movies 1 and 2 (radiology
.rsnajnls.org/cgi/content/full/2363041165
/DC1) show the cine MR images obtained
in two patients with the Asp175Asn muta-
tion in TPM1. The first patient (Fig 6a, 6b;
Movie 1 [radiology.rsnajnls.org/cgi/content
/full/2363041165/DC1]) had mild LV hy-
pertrophy and only one hypokinetic seg-
ment, whereas the second patient (Fig 6c,
6d; Movie 2 [radiology.rsnajnls.org/cgi

Figure 4. Scatterplot shows negative correla-
tion between LV wall thickness and fractional
thickening at the segmental level in patients
with HCM.

Figure 5. (a, b) Scatterplots show associations of log 10 (Lg10) trans-
formed LV mass (a) and LV MWT (b) with proportion of hypokinetic
LV segments in patients with HCM. The proportion of hypokinetic
segments is significantly associated with LV mass and LV MWT.

TABLE 3
LV Segmental End-Diastolic Wall Thicknesses and Fractional Thickening Values in Patients with HCM
and in Control Subjects

Segment

Patients with HCM Control Subjects

End-Diastolic Wall Thickness
(mm)

Fractional Thickening
(%)

End-Diastolic Wall Thickness
(mm)

Fractional Thickening
(%)

Basal
Anterior 16.8 � 6.3 (6–31) 30 � 29 7.9 � 1.6 (5–10)* 55 � 22†

Anterolateral 8.0 � 2.3 (5–15) 73 � 34 7.2 � 1.7 (5–10) 65 � 29
Inferolateral 9.6 � 2.8 (5–15) 52 � 36 7.6 � 1.2 (5–10)† 60 � 24
Inferior 13.6 � 3.7 (8–20) 26 � 21 9.5 � 1.5 (6–12)* 42 � 18‡

Inferoseptal 11.9 � 3.7 (6–19) 14 � 14 7.9 � 1.6 (6–10)* 42 � 23*
Anteroseptal 14 � 3.5 (9–22) 17 � 13 8.4 � 1.8 (5–11)* 48 � 22*

Midcavity
Anterior 12.8 � 6.2 (6–27) 39 � 30 6.8 � 1.9 (4–10)* 80 � 42*
Anterolateral 8.3 � 1.9 (5–11) 69 � 21 7.1 � 2.1 (4–11) 70 � 35
Inferolateral 11 � 4.8 (6–28) 52 � 24 7.1 � 1.8 (5–11)† 75 � 38‡

Inferior 13.7 � 5.1 (6–28) 41 � 28 9.1 � 2.2 (6–12)† 69 � 24†

Inferoseptal 14.8 � 5.0 (7–30) 31 � 21 8.8 � 1.7 (6–11)* 54 � 21†

Anteroseptal 13.5 � 4.4 (6–21) 32 � 21 7.2 � 1.8 (5–12)* 66 � 28*
Apical

Anterior 10 � 4.1 (6–21) 64 � 43 7.9 � 2.2 (4–12)‡ 81 � 45‡

Lateral 10.2 � 3.6 (6–22) 54 � 30 8.1 � 2.2 (5–12)‡ 77 � 32‡

Inferior 9.4 � 2.7 (6–19) 61 � 30 8.6 � 2.0 (5–12) 52 � 28
Septal 11.3 � 3.6 (6–20) 51 � 25 8.1 � 1.8 (5–12)† 62 � 28
Apex 8.5 � 2.5 (5–16) 7.2 � 1.6 (3–10)

All segments 11.6 � 4.7 (5–31) 44 � 32 7.9 � 1.9 (3–12)* 62 � 31*

Note.—All data are mean values � standard deviations. Numbers in parentheses are ranges. P values were calculated for the least-squares mean
differences estimated from the model that accounted for the possible dependencies of the measurements within subjects (25).

* P � .001.
† P � .01.
‡ P � .05.
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/content/full/2363041165/DC1]) had
marked LV hypertrophy and numerous
hypokinetic segments.

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 the pa-
tients with HCM are shown in Tables 4
and 5. In univariate analyses (Table 4),
sex, body surface area, systolic blood
pressure, LV end-diastolic and end-sys-
tolic volumes, stroke volume, proportion
of hypokinetic segments, and fasting
plasma glucose level were significantly
associated with LV mass. Only the pro-
portion of hypokinetic segments was sig-
nificantly associated with the LV MWT;

this variable accounted for 48% of the
variability in LV MWT (P � .001).

To investigate which variables were in-
dependently associated with LV mass,
stepwise linear regression analysis was
performed. No significant multicolin-
earity between the proportion of hypo-
kinetic segments and the other vari-
ables assessed in multiple linear regres-
sion analyses was observed. The best
stepwise multivariate model, which ac-
counted for 75% of the variability in LV
mass, included proportion of hypoki-
netic segments, LV end-diastolic vol-
ume, and male sex. The proportion of
hypokinetic segments accounted for
42% (P � .001); the LV end-diastolic
volume, for 24% (P � .003); and male
sex, for 10% (P � .014) of the variability
in LV mass.

DISCUSSION

In the present study, we used cine car-
diac MR imaging to investigate the re-
lationship between contractile function
and LV hypertrophy in patients with an
identical HCM-causing mutation. The
proportion of hypokinetic segments
was increased in the patients with
HCM, compared with that in the con-
trol subjects, and was both the only
variable that correlated with LV MWT
and the most important correlate of LV
mass; this variable accounted for 48%
of the variability in LV MWT and for
42% of the variability in LV mass.

Assessing Cardiac Anatomy and
Systolic Function with Cardiac
MR imaging

Cardiac MR imaging is considered the
standard of reference for measuring LV
end-diastolic and end-systolic volumes,
mass, and ejection fraction (5,6,26–28).
Cine MR imaging performed by using a
segmented k-space turbo gradient-echo
technique facilitates accurate and repro-
ducible wall thickness and thickening
measurements (29,30). Systolic wall thick-
ening has been shown to reflect myocar-
dial function in a single region during nor-
mal and abnormal cardiac states and to be
more precise than wall motion analysis
(31,32). In patients with myocardial infarc-
tion, wall thickening analysis has been
shown to have high specificity and moder-
ate sensitivity for the detection of myocar-
dial dysfunction (24).

In patients with HCM, MR imaging has
been used to study LV hypertrophy (5–
8), myocardial perfusion (18,33), and
myocardial scarring (34,35), but there
have been only a few MR imaging studies
of regional contractile function associ-
ated with HCM (9,10), and these investi-
gations have involved the use of myocar-
dial tagging. In the present study, we
found that cine MR imaging can be used
to investigate not only LV hypertrophy
but also the extent of contractile impair-
ment in HCM. We used fractional thick-
ening of less than 30% to define hypoki-
netic LV segments. In patients who have
had myocardial infarctions, the mean
fractional thickening in the affected re-
gion of the myocardium has been shown
to be 31% (24). Consequently, fractional
thickening of less than 30% in LV seg-
ments probably represents physiologi-
cally substantial hypokinesia.

Figure 6. (a, b) Short-axis end-diastolic (a) and end-systolic (b) LV cine MR images (60/4.8, 20°
flip angle) obtained in 23-year-old man with the Asp175Asn mutation in TPM1 and mild LV
hypertrophy, showing only one hypokinetic segment (anteroseptal segment at basal level, ar-
row). (c, d) Corresponding short-axis end-diastolic (c) and end-systolic (d) LV cine MR images
(60/4.8, 20° flip angle) obtained in 22-year-old man with the Asp175Asn mutation in TPM1,
showing marked LV hypertrophy, and several hypokinetic segments (arrows).
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Myocardial Contractility and Its
Relationship with LV Hypertrophy
in HCM

In the present study involving patients
who had HCM with the Asp175Asn mu-
tation in TPM1, global ejection fractions
were normal but stroke volumes were de-
creased. In HCM, the global systolic con-
tractility measured by using the ejection
fraction is usually preserved and could
even be hyperkinetic (9). However, with
concentric LV hypertrophy caused by ar-
terial hypertension, the global systolic
function measured by endocardial short-
ening represents an overestimated indi-
cator of myocardial function (36,37).
Also, two MR imaging studies (9,10) have
revealed that in patients with HCM, al-
though the global ejection fraction is pre-
served, the regional systolic function of
LV is impaired. Accordingly, in the
present study, the regional LV contractile
function measured by mean fractional
thickening or the proportion of hypoki-
netic segments was impaired. Some LV
segments in the patients with HCM,
however, had normal systolic contractil-
ity. This variable regional systolic func-
tion is consistent with findings in previ-
ous studies (10,38,39) and appears to be a
characteristic feature in patients with
HCM.

In the present study, in each LV seg-
ment, the fractional thickening was re-
lated to the end-diastolic thickness of the
segment; this finding is in accordance
with the findings of Dong et al (9). More-
over, the extent of impaired contractility
measured as the proportion of hypoki-
netic LV segments in MR imaging was an
independent and the strongest correlate
of both LV mass and LV MWT. Although
all of the patients with HCM in the
present study had the same causative
mutation, they had marked differences
in contractility and LV hypertrophy. In a
transgenic animal model, the cardiac-
specific expression of the mutant TPM1
protein was shown to have a dose-depen-
dent association with the extent of car-
diac dysfunction (40,41). It is possible
that also in human HCM, the variable
expressions of mutant protein may influ-
ence myocardial contractility. The extent
of cardiac systolic impairment, in turn,
may activate the expression of stress-re-
sponsive trophic factors, such as adrener-
gic mediators that trigger LV hypertro-
phy (42). In our previous study (43), car-
diac adrenergic tone was increased and
related to LV hypertrophy in patients
who had HCM with the Asp175Asn mu-
tation.

What evidence do we have that im-
paired contractility precedes LV hyper-
trophy in HCM? Both in transgenic ani-
mal models of HCM and in human stud-
ies, reduced myocardial contraction has
been detected in disease-causing muta-
tion carriers without LV hypertrophy
(44–46) and to predict the later develop-
ment of LV hypertrophy (46). Accord-
ingly, in the current study, the LV frac-
tional thickening in MR imaging was
decreased in patients who had the
Asp175Asn mutation in TPM1 but nor-
mal wall thickness and normal LV mass;
this finding supports the notion that im-
paired contractility precedes LV hyper-
trophy. However, because systolic im-
pairment was more severe in the patients
who had HCM with marked LV hypertro-
phy, we cannot rule out the possibility
that severe or moderate LV hypertrophy
further impairs contractile function by
causing mechanical interference between
myocardial cells or an increase in con-
nective tissue (9).

Other Correlates of LV Hypertrophy
in Patients with HCM

We observed a positive relationship be-
tween the number of *D alleles of the

ACE gene and both LV mass and LV
MWT in patients with the Asp175Asn
mutation in TPM1, but the association
was not significant. Although the possi-
bility of a statistical type II error cannot
be excluded, our results are in accordance
with those in previous studies indicating
that the influence of ACE gene polymor-
phism on LV hypertrophy in patients
with HCM is relatively minor (1,2). In
our study, LV size and male sex influ-
enced the LV mass but not the LV MWT.
Other anthropometric, hemodynamic,
and biochemical factors had no indepen-

TABLE 4
Correlation Coefficients for Relationships between LV Mass, MWT, and Various
Demographic and Clinical Variables in Univariate Linear Regression Analysis in
Patients with HCM

Variable LV Mass LV Maximal Wall Thickness

Patient age 0.103 �0.148
Patient sex (0 � 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 level 0.025 �0.171
Plasma norepinephrine level �0.145 �0.020
Plasma epinephrine level �0.111 �0.220
Serum somatomedin level �0.284 �0.287
Plasma renin level �0.101 �0.307
Serum aldosterone level �0.097 �0.355
Plasma glucose level 0.491† �0.360
Plasma insulin level 0.214 �0.254
Glucose-insulin ratio �0.008 0.214

Note.—All data are correlation coefficients. The variables LV mass, plasma epinephrine level,
plasma renin level, serum aldosterone level, plasma insulin level, and glucose-insulin ratio were log
10 transformed.

* 0 and 1 values refer to encoding in the regression analysis.
† P � .05.
‡ P � .01.
§ P � .001.
\ No of D alleles � zero, one, or two.

TABLE 5
Correlates of LV Mass in Patients
with HCM at Stepwise Multiple
Linear Regression Analysis

Correlating Variable
�

Value
P

Value

Proportion of hypokinetic
segments .574 �.001

LV end-diastolic volume .412 .003
Patient sex (0 � female,

1 � male)* .320 .014

* 0 and 1 values refer to encoding in the
regression analysis.
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dent effect on LV hypertrophy in the pa-
tients with HCM; this finding suggests
that such factors have a limited role in LV
hypertrophy associated with HCM. How-
ever, owing to the relatively small num-
ber of subjects examined in the current
study, the possibility of a statistical type
II error cannot be excluded.

Heart Morphologic Features in
Patients Who Have HCM
Attributable to the Asp175Asn
Mutation in TPM1

All previous genotype-phenotype char-
acterizations of HCM have been based on
echocardiographic studies, and, to our
knowledge, our study is the first to in-
volve the use of cardiac MR imaging and
recently standardized LV segmentation
guidelines (22). HCM caused by the
Asp175Asn mutation in TPM1 is charac-
terized by highly variable LV hypertro-
phy, as shown by the findings in both the
present study and previous investiga-
tions (15,16,47,48). The penetrance of
this mutation in adult patients has been
estimated to be 100% (15,16,47,48), but
in our study there were three patients
aged at least 17 years who had an LV
MWT of less than 13 mm. Only one pa-
tient with HCM had an LV MWT greater
than 3 cm. The septum and the LV ante-
rior free wall were hypertrophied the
most often. The patients with HCM had
smaller end-diastolic LV volumes than
the control subjects.

Study Limitations

Study subjects.—In the present study, a
limited number of patients who had
HCM attributable to a single causative
mutation were examined. Although most
sarcomeric mutations are considered to
be hypocontractile (49), the findings in
the present study cannot necessarily be
extrapolated to all HCM-causing muta-
tions. On the other hand, as demon-
strated by the present study findings, an
adequate number of patients who have
HCM attributable to an identical disease-
causing mutation are needed to investi-
gate the relationship between contractil-
ity and LV hypertrophy, because dif-
ferent causal mutations induce both
contractile deficit and LV hypertrophy in
variable degrees (1,49).

Methodological limitations at cine MR im-
aging.—First, when one measures the LV
wall thickness at end systole by using
cine MR imaging, the endocardial surface
can be obliterated by papillary muscles
and trabeculations. However, by observ-

ing the moving structures image-by-im-
age in a cine series, it is usually possible
to detect the location of the endocar-
dium at end systole. Only a few segments
had to be excluded from the image anal-
yses because of endocardial surface oblit-
eration in the present study. Second, the
motion of the heart can cause the myo-
cardium to move out of the imaging
plane at end systole with respect to end
diastole, and this movement might dis-
turb the investigation of the relationship
between contractility and LV hypertro-
phy. To avoid this error, we investigated
the relationship between LV contractility
and LV hypertrophy also by using seg-
ments at the midventricular level only,
where the longitudinal movement of the
LV is relatively minor (4 mm) (9,10), and
use of this approach did not influence
the results. With the MR imaging myo-
cardial tissue tagging method, it is possi-
ble to assess regional myocardial shorten-
ing three dimensionally (10,38,50–52).
Although tissue-tagging images are easy
to obtain, the analysis of these images is
complicated and no commercial software
packages for this assessment are avail-
able. Fractional thickening analysis, in
contrast, is simple and can be performed
with any software used to measure dis-
tance.

Our conclusions based on the present
study findings are as follows: (a) Cine MR
imaging is a feasible method of detecting
not only LV hypertrophy but also the
extent of contractile impairment associ-
ated with HCM. (b) In patients with HCM
attributable to the Asp175Asn mutation
in TPM1, LV hypertrophy and segmental
contractility are highly variable. (c) The
extent of myocardial contractile impair-
ment in cine MR imaging is a strong cor-
relate of LV hypertrophy; this finding
supports the concept that contractile def-
icit is an essential factor in the pathogen-
esis of LV hypertrophy in HCM.
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