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AIM: To evaluate the integrity of the coronary microvasculature in patients with hypertro-
phic cardiomyopathy (HCM) using first-pass magnetic resonance perfusion imaging.
MATERIALS AND METHODS: Twenty-two patients with HCM and 13 healthy volunteers

underwent cardiac magnetic resonance imaging (CMR) at rest. Imaging protocols included
short axis cine, first-pass myocardial perfusion, and late-phase contrast-enhanced imaging.
Left ventricular end-diastolic wall thickness (EDTH), myocardial thickening, maximal upslope
of timeeintensity curve (slopemax), and late myocardial gadolinium enhancement (LGE) were
assessed for each myocardial segment. The differences in slopemax, myocardial thickening, and
EDTH between healthy volunteers and HCM patients were evaluated as were differences
among hypertrophic segments of different severities (mild, moderate, and severe hypertrophy)
in a one-way analysis of variance analysis. The differences in slopemax, myocardial thickening,
and EDTH between the segments with and without LGE were compared by independent-
sample t-test. A Pearson correlation test was used to determine the relationships between
slopemax, EDTH, and myocardial thickening.
RESULTS: Slopemax was statistically significantly less in HCM patients; the degree of

myocardial thickening was also significantly reduced (p < 0.001). Slopemax and the degree of
thickening statistically significantly decreased with increasing degrees of myocardial hyper-
trophy (p < 0.05). Differences in slopemax, myocardial thickening, and EDTH were observed
between segments with and without LGE (p < 0.05). Slopemax and myocardial thickening were
negatively correlated with EDTH.
CONCLUSION: First-pass myocardial perfusion CMR with slopemax measurements demon-

strates microvascular coronary dysfunction in patients with HCM, a determination that may
aid in risk stratification, therapeutic planning, and determination of prognosis for HCM.
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Introduction

Hypertrophic cardiomyopathy (HCM) is a genetic
myocardial disease with multiple phenotypes, presenting
with an array of clinical symptoms. Most HCM patients are
asymptomatic in the early stages of the disease and are
typically diagnosed by routine physical examination or
familial screening. Symptoms of HCM range from palpita-
tions, chest tightness, and chest pain.1 Sudden cardiac death
can also occur and has been associated with multiple clin-
ical risk factors, such as microvascular coronary dysfunction
and myocardial fibrosis.2e4 Cardiac magnetic resonance
imaging (CMR) is an increasingly utilized non-invasive
imaging technique to study cardiovascular disease. Rela-
tive to single-photon-emission computed tomography
(SPECT) and positron-emission tomography (PET), CMR
provides both anatomical and functional information with
excellent temporal and spatial resolution.5,6 Myocardial
perfusion studies using CMR with a bolus injection of
gadolinium-based contrast agent have shown unique
promise in the evaluation of microvascular ischaemic heart
disease.7 Few studies have investigated coronary micro-
vascular dysfunction of the regional myocardium in HCM.
The aim of the present study was to characterize myocardial
microvascular function in patients with HCMwith first-pass
perfusion CMR. Conventional CMR and delayed contrast-
enhanced MRI were also assessed in this cohort. The over-
all goal of this study was to achieve a greater understanding
of HCM in order to aid cardiologists and radiologists in risk
stratification of patients and selection of an appropriate
therapeutic course.
Materials and methods

Patients and volunteers

Written informed consent was obtained from each
participant in this institutional review board (IRB) approved
study. Twenty-two patients withHCM (patient group) and 13
healthy volunteers (control group) were consecutively
enrolled from April 2010 to November 2011 for clinical
examination. ThediagnosisofHCMwasconfirmedbyDoppler
echocardiography (17 asymmetric, two symmetric, and three
apical cases ofHCM). The inclusion criteriawere:maximal left
ventricle (LV) wall thickness �15 mm or�13 mm in patients
with a family history of HCM and an absence of obvious
extrinsic causes of left ventricular hypertrophy. Healthy
volunteerswere enrolled on the basis of a lack of any previous
history of cardiovascular or other chronic disease, and did not
regularly take anymedications. Healthy volunteers with high
blood pressure (>140/90 mmHg), an abnormal resting elec-
trocardiogram (ECG), and/or an abnormal echocardiogram
were excluded from this study.

MRI

All CMR examinations were performed on a 1.5 T MRI
system (Signa HDxt, GE Healthcare, Milwaukee, Wisconsin,
USA) with an eight-element phased-array coil. During MRI,
retrospective ECG triggering was implemented. After
acquisition of a scout image, two and four-chamber view
cine imaging were acquired using a steady-state free
precession (SSFP) sequence with breath-holding. Contig-
uous sections in the short-axis viewwere obtained from the
atrioventricular valve to LV apex. Imaging parameters were:
3.7 ms repetition time (TR), 1.6 ms echo time (TE),
320 mm � 320 mm field of view (FOV), 224 � 192 matrix,
45� flip angle, 8 mm section thickness, 2 mm intersection
gap, acceleration factor of 2, and an acquisition time per
section of 8e10 s. A gadolinium chelate contrast agent
[gadobenate dimeglumine (MultiHance),8e10 0.5 mmol/ml;
Bracco, Milan, Italy] was then administered intravenously at
a dose of 0.1 mmol/kg bodyweight and an injection rate of
3.5 ml/s, followed by a 12 ml saline flush injected at the
same rate. Short-axis first-pass perfusion CMR was per-
formed using a T1-weighted fast gradient-echo sequence
with saturation-recovery magnetization preparation
(FGRET). The parameters for perfusion imagingwere: 7.6ms
TR, 2.4 ms TE, 360 mm � 270 mm FOV, 128 � 128 matrix,
25� flip angle, 8 mm section thickness, 2 mm intersection
gap, and an acquisition time of approximately 1 min. After
perfusion imaging, an additional dose of 0.1 mmol/kg
bodyweight MultiHance was administered at a rate of
0.5 ml/s. Late gadolinium enhancement MRI images were
acquired after a 15 min delay, utilizing an inversion-
recovery prepared segmented gradient-echo sequence
(MDE) with breath-holding. The orientations were short
axis stack identical to cine and perfusion imaging. Imaging
parameters were: 4ms TR,1.8 ms TE, 200e360ms inversion
time, 360 mm � 324 mm FOV, 192 � 160 matrix, 20� flip
angle, 8 mm section thickness, 2 mm section gap, and an
acquisition time per section of 16-20 s.

Image analysis

All image datasets were loaded into a dedicated off-line
workstation. Standard post-processing software (Report-
card Version 3.7, GE Healthcare) was utilized to calculate
measures of LV function, myocardial perfusion, and late
gadolinium enhancement (LGE). These measures were
computed for each of the 16 myocardial segments defined
by American Heart Association (AHA) guidelines.11 These 16
segments (Fig 1) included the basal (anterior, antero-septal,
infero-septal, inferior, infero-lateral and antero-lateral),
mid-ventricular (anterior, antero-septal, infero-septal,
inferior, infero-lateral and antero-lateral), and apical
(anterior, septal, inferior and lateral) aspects of the heart. A
total of 352 myocardial segments were evaluated in patient
group versus 208 in the control group. All segments in the
HCM patients were classified based on the left ventricular
end-diastolic wall thickness (EDTH). A non-hypertrophic
segment was defined as a segment with EDTH <15 mm,
and a hypertrophic segment as a segment with EDTH
�15mm. The hypertrophic segments were further classified
as mild (EDTH ¼ 15e20 mm), moderate
(EDTH ¼ 20e25 mm), severe (EDTH ¼ 25e30 mm), and
very severe (EDTH >30 mm).
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Figure 1 Segmentation of the LV on myocardial perfusion images demonstrating (a) six basal segments, (b) six mid segments, and (c) four apical
segments.
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On short-axis cine MRI images, the following LV func-
tional parameters were measured and normalized to body
surface area: LV end-diastolic volume index (ml/m2), LV
end-systolic volume index (ml/m2), LV stroke volume index
(ml/m2), LV ejection fraction (LVEF; %), and LV mass index
(g/m2). EDTH and end-systolic wall thickness (ESTH) was
also measured in all 16 segments for each case. The
percentage of LV wall thickening was computed as:

Thickening ¼ ESTH� EDTH
EDTH

� 100%

On perfusion images, timeeintensity curves were obtained
for each myocardial segment in each subject group
throughout the entire image acquisition. The maximal
upslope (slopemax) of each myocardial segment, reflecting
themicrovascular function of the regional myocardium, was
measured and normalized to the maximal upslope the
timeeintensity curve obtained within the LV cavity (%;
Fig 2). LGE was defined as MRI signal intensity (SI) more
than six standard deviations greater than the mean SI of
myocardium in the same section.12

Statistical analysis

Results are given as mean � SD (standard deviation).
Statistical analysis was performed in SPSS 18 (PASW 18,
Figure 2 The timeeintensity curve derived from myocardial perfu-
sion images shows measurements of the slopemax in hypertrophic
and non-hypertrophic myocardial segments.
SPSS, Chicago, IL, USA). A one-way analysis of variance
(ANOVA) analysis was used to calculate the differences in
slopemax, myocardial thickening, and EDTH between
normal segments in healthy volunteers and both hyper-
trophic and non-hypertrophic segments in patients.
Differences among patients with mild, moderate, and
severe hypertrophy were also assessed in this manner. An
independent-sample t-test was used to calculate differ-
ences in slopemax, myocardial thickening, and EDTH
between hypertrophic segments with and without LGE. A
Pearson correlation was utilized to determine relationships
among slopemax, EDTH, and the degree of myocardial
thickening. p-Values <0.05 were considered statistically
significant.

Results

Healthy volunteers (control group) and patients with
HCM (patient group) differed in left ventricular ESV index,
mass index, and LVEF but not in basic subject characteristics
(i.e., age or gender) or in other functional parameters shown
in Table 1. In the HCM group, 131 hypertrophic (37.2%) and
221 non-hypertrophic segments (62.8%) were identified. Of
the hypertrophic segments, 97 (74.0%) weremild, 26 (19.8%)
moderate, seven (5.3%) severe, and one (0.8%) very severe.
Only one very severe segment was identified, and thus no
statistical conclusions regarding this segment could be
drawn. LGE was present in 25 myocardial segments in the
HCM group and in no segments in the healthy volunteers.
All segments with LGE were hypertrophic. Of the segments
with LGE (Fig 3), the degree of hypertrophy was mild in 12
(of 97 mildly hypertrophic segments, 12.4%), moderate in
six (of 26 moderately hypertrophic segments, 23.1%), severe
in six (of seven severely hypertrophic segments, 85.7%), and
very severe in one segment (of one very severely hyper-
trophic segment, 100%).

Calculations of slopemax, myocardial thickening, and
EDTH in the healthy volunteer and HCM patients are
provided in Table 2. Slopemax measurements for both
hypertrophic and non-hypertrophic subgroups in HCM
patients were statistically significantly lower than for the
control group (p< 0.001, Fig 4). Hypertrophic segments also



Table 1
General characteristics of the hypertrophic cardiomyopathy (HCM) patients
and healthy volunteers with relevant associated functional parameters.

HCM
patients

Healthy
volunteers

t p-Value

Number (cases) 22 13 - -
Age (years) 52.4 � 12.5 46.6 � 15.1 1.235 0.225
Male gender (%) 66.7 61.5 0.415 0.778
Weight (kg) 75.0 � 10.7 69.7 � 13.4 1.290 0.206
Body surface area (m2) 1.85 � 0.13 1.76 � 0.16 1.823 0.077
Heart rate (beats/min) 70.4 � 9.2 70.6 � 12.0 0.057 0.955
LV EDV index (ml/m2) 67.1 � 23.3 70.8 � 15.0 0.502 0.619
LV ESV index (ml/m2) 18.3 � 9.0 25.1 � 6.2 2.400 0.022
LV SV index (ml/m2) 44.8 � 11.5 45.6 � 10.3 0.205 0.839
LVEF (%) 73.0 � 7.0 64.5 � 5.3 3.771 0.001
LV mass index (g/m2) 80.4 � 51.1 35.7 � 8.0 4.015 0.001

The values were expresses as mean � SD. EDV, end-diastolic volume; ESV,
end-systolic volume; LVEF, left ventricular ejection fraction.

Table 2
Slopemax, degree of myocardial thickening, and EDTH among normal
myocardial segments in healthy volunteers as well as non-hypertrophic and
hypertrophic segments in the patient group.

Normal
segments

Non-hypertrophic
segments

Hypertrophic
segments

p-Value

N (segments) 208 221 131 -
Slopemax (%) 63.4 � 15.4 55.6 � 18.6 46.8 � 20.7 <0.001
Thickening (%) 89.8 � 36.2 94.0 � 34.9 53.2 � 27.6 <0.001
EDTH (mm) 5.1 � 1.4 6.8 � 1.4 17.6 � 3.9 <0.001

The values were expressed as mean � SD. EDTH, end-diastolic wall thick-
ness; N, the number of segments; Slopemax, maximal upslope of timee
intensity curve.
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demonstrated statistically significantly lower slopemax than
non-hypertrophic segments in HCM patients (p < 0.001,
Fig 4). The degree of myocardial thickening in hypertrophic
segments was statistically significantly less than in non-
hypertrophic segments in HCM patients and less than
those in normal volunteers (p < 0.001, Fig 4). However,
Figure 3 Myocardial perfusion examination demonstrating a perfusion d
(black arrow) obtained pre-contrast and at 2.4, 12, 24, 36, 48, 60, and 72
areas of late gadolinium enhancement in the antero-septal and infero-sep
a 15 min delay.
therewas no statistically significant difference in the degree
of myocardial thickening between non-hypertrophic
segments in the HCM group and normal segments of
healthy volunteers (p ¼ 0.194, Fig 4). Statistically significant
differences in EDTH were observed among hypertrophic
and non-hypertrophic segments in HCM patients and
normal segments in healthy volunteers in pairwise
comparisons (p < 0.001, Fig 5).

The severity of the hypertrophic myocardial segments is
shown in Table 3. The slopemax of segments with mild
efect in the antero-septal and infero-septal mid segments on images
s post-contrast medium administration. There are multi-focal, patchy
tal mid myocardial segments on images (orange arrow) obtained after



Figure 4 Comparisons of slopemax and myocardial thickening in
myocardial segments of normal volunteers versus non-hypertrophic
and hypertrophic segments of HCM patients. There were statisti-
cally significant differences in slopemax between each of these groups.
Thickening of the hypertrophic myocardial segments was statistically
significantly less than thickening of the other two segments.
However, there was no significant difference in the degree of thick-
ening between normal segments in control group and non-
hypertrophic segments in patient group.

Table 3
Slopemax, myocardial thickening and EDTH in myocardial segments with
mild, moderate and severe hypertrophy.

Mild
hypertrophic
segments

Moderate
hypertrophic
segments

Severe
hypertrophic
segments

p-Value

N (segments) 97 26 7 -
Slopemax (%) 49.9 � 22.0 40.3 � 13.3 33.7 � 11.1 0.022
Thickening (%) 55.7 � 25.9 53.3 � 31.8 23.9 � 11.3 0.011

The values were expressed as mean � SD. N, the number of segments;
Slopemax, maximal upslope of timeeintensity curve.
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hypertrophy was statistically significantly greater than that
of segments with moderate and severe hypertrophy
(p ¼ 0.021 and p ¼ 0.020, Fig 6). No statistically significant
differences in slopemax were observed between segments
with moderate and severe hypertrophy (p ¼ 0.495, Fig 6).
The degree of myocardial thickening was less in segments
with mild and moderate hypertrophy than in segments
with severe hypertrophy (p< 0.001 and p¼ 0.002, Fig 6). No
statistically significant differences in myocardial thickening
were observed between segments with mild and moderate
hypertrophy (p ¼ 0.980, Fig 6). Slopemax and the degree of
myocardial thickening were negatively correlated with
Figure 5 Comparisons of EDTH among myocardial segments in
normal volunteers versus non-hypertrophic and hypertrophic
segments in the HCM patients. There were statistically significant
differences in EDTH between each of these groups.
EDTH (r ¼ �0.264, p ¼ 0.002 and r ¼ �0.312, p < 0.001,
respectively).

All LGE appeared in mid wall of myocardial segments.
Slopemax and the degree of myocardial wall thickeningwere
statistically significantly less in segments with LGE than in
segments without LGE (p < 0.05, Table 4). The EDTH in
segments with LGE was statistically significantly greater
than in segments without (p < 0.001, Table 4).

Discussion

HCM is a common hereditary cardiomyopathy charac-
terized by left ventricular hypertrophy without ventricular
dilation. The main pathophysiological feature in HCM is
adverse left ventricular myocardial remodelling, resulting
in an increased mass index and reduced compliance with
impaired ventricular relaxation.13,14 CMR has the unique
advantage of providing morphological, functional, and
perfusion imaging within a single study. First-pass CMR
Figure 6 Comparisons of slopemax and myocardial thickening among
segments with mild, moderate, and severe hypertrophy. The slopemax

of the segments with mild hypertrophy was statistically significantly
greater those of segments with moderate and severe hypertrophy.
There was no significant difference in slopemax between segments
with moderate and severe hypertrophy. The degree of myocardial
thickening of segments with severe hypertrophy was statistically
significantly less relative to segments with mild and moderate
hypertrophy. However, the latter two groups demonstrated no
statistically significant differences in terms of the degree of myocar-
dial thickening.



Table 4
Slopemax, myocardial thickening, and EDTH in hypertrophic myocardial
segments with and without late gadolinium enhancement

LGE segments Non-LGE segments p-Value

N (segments) 25 106 -
Slopemax (%) 30.5 � 10.6 50.7 � 20.7 <0.001
Thickening (%) 41.3 � 25.0 56.4 � 27.5 0.013
EDTH (mm) 21.4 � 4.8 mm 16.7 � 3.1 mm <0.001

The values were expressed as mean � SD. EDTH, end-diastolic wall thick-
ness; LGE, delay gadolinium enhancement; N, the number of segments;
Slopemax, maximal upslope of timeeintensity curve.
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perfusion can be used to evaluate myocardial microvascular
dysfunction in different heart diseases by measuring
myocardial blood flow (MBF), maximal upslope of the
timeeintensity curve, perfusion reserve, and other param-
eters.4,15 Utilization of perfusion parameters in combination
with other functional and anatomical measures, such as
wall thickening, wall thickness, and LGE, may facilitate risk
assessments of HCM patients.

In previous studies, resting MBF did not statistically
significantly differ between the healthy volunteers and the
HCM patients4; although, no consensus for optimally
measuring this parameter has yet been established.16 Slo-
pemax was derived from the timeeintensity curves of
myocardial MRI perfusion studies. This parameter can be
easily calculated in routine clinical practice15 from timee
intensity curves and reflects myocardial perfusion. Slopemax
can be normalized to the LV cavity to avoid variations based
on arterial inflow. Theoretically, diseased myocardium
should exhibit a relatively longer wash-in time due to the
destruction of coronary microcirculation, thus decreasing
the slopemax.17 In concordance with this, myocardium in
HCM patients in the present study exhibited statistically
significantly lower slopemax as compared to healthy
myocardium in normal volunteers. A previous MRI study18

showed perfusion defects could be observed in HCM
patients, but they did not quantify the finding. In the
present study, similar differences in slopemax were observed
between hypertrophic and non-hypertrophic myocardial
segments in HCM patients. Hypertrophic myocardium
exhibited a statistically significantly less physiological
thickening relative to that of the control group, a finding
consistent with the proposed pathophysiological mecha-
nism of HCM noted above. It is also consistent to the results
of Camici et al. reporting microvascular dysfunction in both
hypertrophic and non-hypertrophic segments using PET.19

Slopemax values were also decreased in myocardial
segments with more severe hypertrophy, which is in
agreement with hyperaemia MBF (hMBF) data using first-
pass MRI and the other methods.4 Slopemax and the
degree of myocardial thickening were also negatively
correlated with EDTH. These results together imply a strong
correlation between the extent of myocardial hypertrophy
and coronary microvascular dysfunction.20 These findings
may relate to a reduction in microvascular density with
increasing LV mass.21 Although in the present study, the
degree of thickening in segments with mild and moderate
hypertrophy did not statistically significantly differ.
Nonetheless, the slopemax appears to more sensitively
detect abnormalities associated with HCM than do
measurements of myocardial thickening, presumably
related to the early detection of microvascular dysfunction.

Late gadolinium enhancement in CMR is likewise
a sensitive, specific, and reproducible measure, which
demonstrates excellent agreement with SPECT and PET in
the evaluation of myocardial perfusion and metabo-
lism.22e24 The presence of LGE reflects myocardial fibrosis.
Typical findings in HCM include patchy, multifocal
enhancement of hypertrophic myocardial segments. In this
study, the slopemax of hypertrophic segments with LGE was
statistically significantly less than that of hypertrophic
segments without LGE, suggesting that myocardial perfu-
sion in LGE segments was more severely impaired. The
mechanism for myocardial fibrosis in HCM is not clear but
could relate to microvascular dysfunction. Previous stud-
ies25e27 have reported myocardial fibrosis to be the result of
myocardial ischaemia, finding that regions of microvascular
dysfunction corresponded to regions where microvascular
intramural proliferation was present histopathologically.
Other studies26,28,29 have shown myocardial fibrosis to be
related to the presence of increased intercellular connective
tissue. In the present work, hypertrophic segments with
LGE demonstrated greater EDTH and less thickening
compared to segments without LGE. In total, these findings
suggest that segments with LGE likely exhibit myocardial
fibrosis, possibly as a result of microvascular dysfunction.
They are in agreement with the results of Sotgia et al., who
investigated relationship between hMBF using PET and LGE
using MRI.30

The degree of coronary microvascular dysfunction is
a strong, independent predictor of morbidity and mortality
in HCM.2 Severe microvascular dysfunction is an early
predictor of clinical outcome even in HCM patients with
mild or no symptoms. First-pass myocardial MR perfusion
can detect regional microvascular dysfunction reliably, in
combination with cine and/or delayed contrast-enhanced
CMR. By using a multi-parametric approach assessing
EDTH, myocardial thickening, LV function, and myocardial
perfusion, the severity of microvascular dysfunction can be
determined. In the present study, CMR perfusion studies
were performed with the patients at rest and demonstrated
differences in perfusion between HCM patients and normal
volunteers. This approach, which does not rely on stress
imaging, avoids risks associated with vasodilator adminis-
tration and diminishes the risk of nephrogenic systemic
fibrosis for patients with severe renal dysfunction as
repeated gadolinium chelate administrations are unneces-
sary. Comparison of the sensitivities of rest and stress
perfusion CMR represents an interesting topic for future
investigation.

One limitation of this study is the relatively small sample
size (22 patients). This may account for the lack of statisti-
cally significant differences observed between segments
with moderate and severe hypertrophy. Although the slo-
pemax and the degree of thickening inversely correlated
with EDTH, both correlation coefficients were relatively low
(r ¼ �0.264 and r ¼ �0.312), a fact that may again relate to
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the small sample size. Long-term clinical follow-upwas also
not available for the HCM patients.

In conclusion, the slopemax of timeeintensity curves
from first-pass CMR perfusion studies is reduced in patients
with HCM, preferentially so in hypertrophic myocardium,
and decreases with the severity of segmental hypertrophy.
This likely relates to the presence of microvascular
dysfunction. Assessment of this parameter may thus aid in
assessing the risk of myocardial ischaemia and myocardial
fibrosis in HCM patients.
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