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1 Introduction

Hypertrophic cardiomyopathy (HCM) is a hereditary heart disease [1, 2]. The main
cause is abnormal muscle alignment of the heart muscle [3–5], which leads to poor
contraction of the heart and compensatory hypertrophy of the myocardium, resulting
in thickening of the myocardium and the appearance of ventricular hypertrophy [6,
7]. This hypertrophy and lack of elasticity may lead to difficulty in ventricular relax-
ation and heart failure [1, 8, 9]. Left ventricular hypertrophy can develop due to
factors such as hypertension, aortic stenosis or diffuse myocardial fibrosis (DMF)
etc. [10–12]. Myocardial fibrosis refers to tissue damage and scarring caused by
ischemia, inflammation and hypertension of the myocardium. Previous studies have
demonstrated that HCM presents the DMF, which correlate with estimated LV filling
pressure, suggesting a mechanistic link between DMF and abnormal diastolic func-
tion. However, it remains unknown whether the degree of DMF is associated with
LVH in patients with HCM.

Cardiovascularmagnetic resonance (CMR)has beenwidely used to quantifyDMF
by calculating the extracellular volume fraction (ECV) of the myocardium [13, 14].
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In this study, our aim was to investigate whether the severity of LVH is associated
with the degree of DMF in patients with HCM.

2 Material and Methods

A. Patient selection

This study is a retrospective analysis and the CMR was performed at the National
Taiwan University Hospital. A total of 125 patients who had a clinical evidence of
HCMand 58 patientswithBrugada syndrome (Brs)whichwas considered as the rela-
tive normal heart control were enrolled in this study. Patient with Brs had abnormal
electrical potential activity in the heart, resulting in arrhythmias, but showed no
significant different in the structure and function with healthy subjects were treated
as control group. All study participants provided written informed consent.

B. CMR sequences

We performed CMR using a clinical 1.5-T scanner (Area 1.5 T, Siemens, Erlangen,
Germany). Cine CMR was performed using a segmented balanced steady-state
gradient echo pulse sequence with a retrospective electrocardiography (ECG)-R-
wave trigger. The scanning parameters were as follows: repetition time (TR), 3.0 ms;
echo time (TE), 1.5 ms; matrix size, 256 × 208; and spatial resolution, 1.21 mm.
Multiple short-axis (SA) slices were prescribed in the left ventricle (LV) from the
mitral orifice to apexwith slice thickness of 8mmand gap of 2mm. The true temporal
resolution was 63 ms, and 30 cardiac phases were reconstructed retrospectively for
each slice level.

Myocardial T1 mapping was performed with an electrocardiography (ECG)-
triggered modified Look-Locker inversion recovery (MOLLI) sequence before and
10 min after 0.15 mmol/kg intravenous administration of the gadolinium-based
contrast agent (Dotarem,Guerbet, France). TheMOLLIprotocol used2Look-Locker
cycles to acquire 7 images over 11 heartbeats, and the scanning parameters were as
follows: TR/TE, 1.9 ms/1.0 ms; minimum inversion time, 110 ms; inversion time
increment, 80 ms; matrix size, 256 × 192; slice thickness, 6 mm; spatial resolution,
1.28 mm; number of inversions, 2; images acquired after first inversion, 5; pause, 4
heartbeats; and images acquired after second inversion, 2 [15]. Three evenly spaced
SA slices were acquired from the LV base to the apex. After postcontrast T1 acqui-
sition, late gadolinium enhancement (LGE) images were acquired using an ECG-
triggered phase-sensitive inversion recovery prepared segmented fast gradient-echo
pulse sequence to identify the focal fibrosis or scarring.

C. Image analysis

Cine images were used to quantify the LV function and mass by determination of
the endocardial and epicardial borders for each diastolic and systolic frame on all
SA slices and then normalized by body surface area (BSA). Quantitative analysis of
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ECV and regional wall thickness (WT) were performed on T1 maps. The ECV was
calculated from pre- and postcontrast T1 maps using a region-based method and was
then calibrated with the last available hematocrit (Hct) data. Four different regions,
including the anterior, septal, posterior and lateral wall regions of the LV, and the area
in the central area of the LV cavity were drawn on the T1 map at the mid-ventricular
slice. The averageT1 values of the segmented regions of interestwere then computed.
After obtaining the pre- and postcontrast T1 values, ECV values were calculated by
using the following formula [16]:

ECV =
1

T 1myo
post

− 1
T1myo

native

1
T 1bloodpost

− 1
T1bloodnative

∗ (1 − Hct)

TheWTs of the same regions were measured at the same level of the T1 mapping.
Group comparisons in LV function, ECV and WT were compared between two
group. The correlation between ECV andWT, including averaged and each segment,
were assess for each group. In addition, the regional ECV was excluded if the
regional myocardium showed hyper-enhancement on the LGE image. Image anal-
ysis was performed using software developed in-house provided by MATLAB 7.9
(MathWorks, Inc., Natick, Massachusetts) and Image J (NIH, USA).

D. Statistical analysis

Data are expressed as mean ± standard deviation (SD). Group comparisons in the
myocardial ECV, WT and LV functional indexes were tested by the nonparametric
Mann–Whitney U test. Linear regression was used to obtain a correlation coef-
ficient between regional ECV and WT for each group. The statistical tests were
two-tailed, and statistical significance was defined as p < 0.05. Statistical analyses
were performed using SPSS software package version 20.0 (SPSS Inc., Chicago, IL,
USA).

3 Results

A. Patient characteristics and Group comparisons

The demographics of the study population are summarized in Table 1. The HCM
group was older but body surface area was similar as compared with control group.
There were significant differences in LV function and mass between the patient and
control groups (Table 1). For the group comparison, HCM group had a significant
higher averaged ECV compared to that in control group (27.5 ± 4.9% vs. 25.0 ±
2.3%, p < 0.001). This findingwas similar in averagedWTbetweenHCMand control
groups (11.3 ± 5.1 mm vs. 6.0 ± 2.3 mm, p < 0.001).
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Table 1 Study population
characteristics

HCM(n = 125) Control (n = 58) p-value

Age (y) 58. ± 16 51. ± 14 p < 0.05

BSA (kg/m2) 1.77 ± 0.2 1.67 ± 0.2 p = 0.026

ECV 27.5 ± 4.9 25 ± 2.3 p < 0.001

WT (mm) 11.3 ± 5.1 6 ± 2.2 p < 0.001

LV MASS 170.4 ± 76.2 97.3 ± 31.1 p < 0.001

LVEDV 94.7 ± 26.4 102.7 ± 22.6 p < 0.001

LVESV 18.5 ± 17 25.9 ± 12.5 p < 0.001

nLVEDV 53.6 ± 14.6 60.7 ± 11.9 p < 0.001

nLVESV 10.5. ± 10.1 15.3 ± 6.9 p < 0.001

CI 2876 ± 537 3313 ± 585 p < 0.001

LVEF 82.3. ± 9.8 75.9 ± 7.7 p < 0.001

LVPER −4.9 ± 1.3 −3.8 ± 0.7 p < 0.001

LVPFR 3.9 ± 1.5 4.6 ± 1 p < 0.001

BSA, Body Surface Area; ECV, Extracellular Volume Fraction;
WT, Myocardial Wall Thickness; LV, left ventricular; EDV, end-
diastolic volume; ESV, end-systolic volume; nLVEDV, normal-
ized LVEDV; CI, cardiac index; EF, ejection fraction; PER, peak
ejection rate; PFR, peak filling rate.

B. Extracellular Volumes and Wall thickness

The regional ECV and regional WT measurements from the four different regions
in each group are listed in Table 2. For regional comparisons, the septal region had
the highest ECV compared with the other three regions in all the groups. To further
investigate the correlation between the myocardial ECV and WT, we performed
linear correlation analysis for each group. Our results demonstrated that the regional
ECV significantly correlated with the regional WT in HCM group (r = 0.381, p =
0.0001) (Fig. 1). In contrast, no significant correlation (r = 0.139, p = 0.297) was
found between regional ECV and WT in control group.

Table 2 The regional ECV
and wall thickness in HCM
group

HCM(n = 125) Controls(n = 58) p-value

ECV(A) (%) 27 ± 4.9 24.4 ± 2.8 p < 0.001

ECV(S) (%) 28.5 ± 5.4 25.7 ± 2.3 p < 0.001

ECV(P) (%) 27.9 ± 5.6 25.3 ± 3.2 p < 0.001

ECV(L) (%) 26.5 ± 4.9 24.5 ± 2.6 p < 0.001

WT (A) (mm) 11.4 ± 6.7 4.8 ± 2.2 p < 0.001

WT (S) (mm) 14.5 ± 6.6 8 ± 3.1 p < 0.001

WT (P) (mm) 9.6 ± 5.0 5.5 ± 2.3 p < 0.001

WT (L) (mm) 9.5 ± 5.4 5.5 ± 2.2 p < 0.001

ECV, Extracellular Volume Fraction;WT,MyocardialWall Thick-
ness; A, anterior; S, septal; P, posterior; L, lateral.
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Fig. 1 Linear regression between the averaged ECV (extracellular volume fraction) and the
averaged WT (wall thickness) in HCM group (N = 125)

4 Discussion

In this study, we demonstrated that CMR-derived ECV was significantly correlated
with the myocardial wall thickness. This finding suggests that LVH is significant
associated with the severity of DMF in patients with HCM. Myocardial fibrosis is
defined as a significant increase in the collagen content in the myocardium. HCM
are known to develop diffuse, as well as regional myocardial fibrosis. Once fibrosis
develops, it increases myocardial stiffness and eventually deteriorates diastolic and
systolic functions [17, 18].

Our results also showed that ECV varies with the myocardial region, suggested
that regional ECV may lead to clinically significant errors if ECV was assessed and
compared in different myocardial regions. Therefore, caution must be exercised in
estimating the ECV in patients with significant ventricular hypertrophy.

5 Study Limitations

First, our study was done with a single T1 pulse sequence (MOLLI). Different
sequences of T1 mapping have been reported to yield different absolute ECV values.
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Whether our findings are identical in different pulse sequences is unknown and needs
further investigation. Second, regional variation of ECV was only performed in one
representative mid-ventricular slice, future studies should consider apical and basal
slices for more comprehensive assessments. Third, although all subjects were care-
fully controlled in data acquisition and analysis, our results do not have histological
evidence to support the suggestion that this interregional variation of ECV reflects a
pathophysiological difference rather than a technical difference.

6 Conclusions

In conclusion, our study demonstrated that CMR-derived ECVs vary with myocar-
dial region in patient with HCM. This interregional variation is associated with
the severity of ventricular hypertrophy. Regional ECV is feasible for differentiating
myocardial abnormalities and the position of the ROI is essential for comparing ROIs
within the same region.
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