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Introduction
Hypertrophic cardiomyopathy (HCM) is a common type 
of hereditary cardiomyopathy, and is the leading cause of 
sudden cardiac death in the young population.1 Different 
genotypes lead to different pathophysiological features, 
such as ventricular hypertrophy, myocardial fibrosis, and 
myocardial edema, resulting in different clinical symptoms 
and prognosis.2,3 Early identification and intervention are 
important for HCM patients to prevent life-threatening 
events, especially in the young population.

Cardiac magnetic resonance (CMR) is an advanced 
imaging tool for diagnosis and risk stratification in HCM. 
CMR can assess structural, functional, and tissue features 
of the myocardium by different pulse sequences. CMR 
was shown to be superior to echocardiography in eval-
uating left ventricular (LV) wall thickness,4,5 the most 
important structural marker of HCM. The focal myocardial 
fibrosis detected by late gadolinium enhanced (LGE) MRI 
showed to improve risk stratification of adverse cardiovas-
cular events in HCM patients.6,7 Recent development of 
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Objective: The aim of this study was to examine the 
local myocardial segments in hypertrophic cardiomyo-
pathy (HCM) by MRI T1 and T2 mapping, and to inves-
tigate how tissue remodeling correlates with structural 
and functional remodeling in HCM.
Methods: 47 patients with HCM and 19 healthy volun-
teers were enrolled in this study. All subjects under-
went cardiac MRI at 3.0 T. Native T1 and T2 values, 
end-diastolic wall thickness (EDTH), and percentage of 
systolic wall thickening (PSWT) were assessed in the left 
ventricular segments according to the American Heart 
Association model. Myocardial segments were catego-
rized as normal, non-hypertrophic, mild-hypertrophic, 
moderate-hypertrophic, and severe-hypertrophic based 
on EDTH. The difference among all five groups, and the 
correlation between native T1 and T2 values, EDTH, and 
PSWT were evaluated.
Results: Native T1 and T2 values were significantly 
elevated in both non-hypertrophic and hypertrophic 

segments of HCM patients compared to controls (both 
p < 0.001). PSWT was preserved in non-hypertrophic 
segments (p = 0.838), while significantly impaired (p 
< 0.001) in hypertrophic segments. Native T1 value of 
severe hypertrophic segments in HCM was significantly 
higher than segments of mild and moderate hypertrophy 
(p < 0.05).
Conclusion: In HCM patients, the non-hypertrophic 
myocardial segments already demonstrated significantly 
elevated T1 and T2 values, despite normal wall thick-
ness and preserved contraction function. The finding 
suggests that tissue remodeling may precede morpho-
logical and functional remodeling in HCM. MRI native T1 
and T2 mapping can provide additional value for HCM 
diagnosis at an early stage.
Advances in knowledge: Myocardial tissue remodeling, 
as detected by MRI native T1 and T2 mapping, occurs 
earlier than morphological and functional changes in 
HCM patients.
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mapping techniques further enables quantitative assessment of 
myocardium tissue using the non-invasive T1 and T2 mapping 
techniques.8,9

Previous studies have focused on the hypertrophic myocardium in 
HCM, or the myocardium as a whole,4–7,10 while less attention was 
given to the regional variation in different myocardium segments. 
Depending on the HCM stage, there are often myocardial segments 
that fall into the normal thickness range. Such segments appear 
non-hypertrophic, recognized as wall thickness less than 15 mm 
by the European Society of Cardiology guideline on diagnosis 
of HCM.11–13 Non-hypertrophic segments in HCM are at risk of 
developing into mild or severe hypertrophy, and may have subex-
pressed abnormalities that fail to be recognized by structural or 
functional features normally measured in the clinic. Studying 
myocardium segments with different degree of hypertrophy may 
provide insight on the course of HCM, thereby facilitating early 
intervention.

The purpose of this study was to examine the local myocardial 
segments in HCM, including those non-hypertrophic ones, and to 
study how tissue remodeling correlates with structural and func-
tional remodeling. We aim to quantitatively measure myocardial 
fibrosis and edema by MRI native T1 and T2 mapping, and to 
investigate their association with two other important markers also 
from CMR: (1) local morphological structure as characterized by 
the end-diastolic thickness (EDTH) and (2) local contraction func-
tion as characterized by the percentage of systolic wall thickening 
(PSWT).

Methods and materials
Study population
The patients who were diagnosed of HCM by the CMR exam 
between June 2016 and June 2017 were retrospectively included 

in this study. The inclusion criteria were: LV maximal wall thick-
ness ≥15 mm in adults without HCM family history, or ≥13 mm 
in adults with HCM family history. 68 patients met the inclusion 
criteria. The following exclusion criteria were applied: (1) 14 (21%) 
patients with inconsistent field of view on different slices of short-
axis T1 mapping, (2) 7 (10%) patients with poor CMR images 
quality. Finally, 47 HCM patients (age 50 ± 15 years, 35 male) were 
enrolled in this study. In addition, 19 age and sex matched healthy 
volunteers (age 47 ± 14 years, 11 male) without any cardiovascular 
diseases or systemic diseases were enrolled as the control group.

This study was approved by the hospital institutional review 
board, and written informed consent was obtained from all 
participants.

CMR acquisition
All CMR examinations were performed on a 3.0 T scanner 
(Magnetom Skyra, Siemens Healthineers, Erlangen, Germany) 
using an 18-channel cardiac coil. The imaging protocol included 
LV short-axis cine, native T1 and T2 mapping at the same sectional 
planes with ECG gating during breath-hold. A True-FISP sequence 
[echo time (TE) = 1.39 ms, repetition time (TR) = 2.50 ms, field 
of view (FOV) = 320–360 mm, matrix = 192×146, flip angel (FA) 
= 47◦, slice thickness = 6 mm, slice gap = 2 mm] was acquired for 
cardiac cine in a series of LV short-axis planes from the apex to 
base. The ECG-gated single-shot modified Look-Locker inversion 
recovery (MOLLI) method with scan protocol of 5(3)3 was used 
for T1 mapping: 8 steady state free precession (SSFP) readouts in 
11 heartbeats, TE = 1.07 ms, TR = 2.58 ms, FOV = 320–360 mm, 
matrix = 192×144, FA = 35°, slice thickness = 6 mm, 72 segments, 
minimum TI = 100 ms, TI increment = 80 ms, GRAPPA accelera-
tion factor = 2, imaging window = 136 ms. T2 mapping technique 
involved a T2 prepared pulse sequence to produce single-shot T2 
prepared SSFP images (T2p-SSFP), with different T2 preparation 

Figure 1.  Illustration of segmental analysis of basal (A, E), middle (B, F) and apical (C, G) slices of native T1 and T2 mapping 
images and the bull’s eye plot (D, H) of LV according to AHA 16-segments’ model. LV,left ventricular.
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times (0, 30 and 55 ms). The images were generated with three 
heartbeat recovery durations for each T2 preparation (total acqui-
sition time of nine heartbeats). For both T1 and T2 maps, a built-in 
algorithm was applied for motion correction before curve fitting. 
Motion correction and curve fitting were both performed by the 
MR scanner.

CMR images analysis
LV function, native T1, and T2 values were evaluated by two 
observers (L.H with 8 years’ experience and L.R with 3 years’ 
experience, respectively) using a commercial software (CVI42, 
Circle Cardiovascular Imaging, Calgary, Canada).

LV functional parameters were assessed by manually contouring 
endocardial and epicardial borders at end-systolic and end-diastolic 
phase of short-axis cine. LV volumes and mass were normalized to 
body-surface area (BSA, calculated with height and weight by MR 
scanner automatically). LV EDTH and the PSWT were calculated 
automatically in the 16 segments according to the American Heart 
Association (AHA) model.

Native T1 and T2 values were evaluated by manually tracing 
endocardial and epicardial contours on all motion-corrected 
native T1 and T2 images, with the reference point at the anterior 
LV insertion to generate the AHA 16-segment model (Figure 1). 

Table 1.  Baseline characteristics and LV global morphological and functional features derived from MRI in HCM patients and 
healthy volunteers

Healthy volunteers
(n = 19)

Patients with HCM
(n = 47)

p-value
(Mann–Whitney U-test)

Age (year） 47 ± 14
(42, 56)

50 ± 15
(46, 54)

0.270

Gender male (%） 11 (57.9) 35 (74.5) 0.185

BMI (kg/m2） 23.2 ± 3.0
(21.8, 24.6)

24.5 ± 4.3
(23.3, 25.8)

0.217

BSA (m2) 1.7 ± 0.1
(1.7, 1.8)

1.8 ± 0.2
(1.7, 1.9)

0.120

HR (beats/minute) 69 ± 9
(65, 73)

71 ± 13
(67, 75)

0.498

LVEDVI (ml/ m2) 58.6 ± 17.2
(50.4, 66.9)

62.2 ± 21.4
(55.9, 68.5)

0.521

LVESVI (ml/ m2) 25.5 ± 10.7
(20.3, 30.6)

25.6 ± 16.8
(20.7, 30.6)

0.970

LVSVI (ml/ m2) 33.2 ± 7.2
(29.7, 36.6)

36.6 ± 9.3
(33.9, 39.3)

0.158

LVEF (%) 58.2 ± 6.3
(55.1, 61.2)

60.4 ± 7.3
(58.3, 62.5)

0.246

LVmassI (g/m2) 52.0 ± 7.8
(48.1, 55.9)

80.0 ± 39.0
(68.2, 91.9)

<0.001

Continuous variables are expressed as mean ± standard deviation(95% CI). HCM, hypertrophic cardiomyopathy; BMI, body mass index; BSA, body 
surface area; HR, heart rate; LVEDVI, left ventricular end-diastolic volume index; LVESVI, left ventricular end-systolic volume index; LVSVI, left 
ventricular stroke volume index; LVEF, left ventricular ejection fraction; LVmassI, left ventricular mass index.

Table 2.  Native T1 and T2 values, PSWT, and EDTH in normal myocardial segments of healthy controls, non-hypertrophic, and 
hypertrophic myocardial segments of HCM patients

Parameters

Healthy volunteers HCM patients

Normal segments
(n = 304)

Non-hypertrophic segments
(n = 588)

Hypertrophic segments
(n = 164)

p-value
(Kruskal–Wallis test)

EDTH (mm) 6.3 ± 1.9
(6.1, 6.5)

8.3 ± 2.8*  
(8.1,8.6）

19.8 ± 5.8*

(18.9, 20.7)
<0.001

Native T1 (ms) 1237.1 ± 55.8
(1230.8, 1243.4)

1283.6 ± 86.0*  
(1266.6, 1278.0）

1336.6 ± 65.1*

(1324.1, 1343.4)
<0.001

T2 (ms) 40.4 ± 3.3
(40.0, 40.8)

42.3 ± 3.9*

(41.9, 42.5）
43.8 ± 3.4*

(43.2,44.2)
<0.001

PSWT (%) 97.3 ± 51.8
(91.4, 103.1)

100.7 ± 59.8
(94.7, 104.2）

29.0 ± 20.0*

(26.0, 32.2)
<0.001

Continuous variables are expressed as mean ± standard deviation(95% CI). HCM, hypertrophic cardiomyopathy; EDTH, end-diastolic thickness; 
PSWT, percentage of systolic wall thickening. Column 3 and 4: * statistical significance compared to normal segments (column 2) using Mann–
Whitney U-test.
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The mean native T1 and T2 values of all 16 segments were auto-
matically computed.

The AHA segments in the HCM patients were classified into 
non-hypertrophic (EDTH <15 mm) and hypertrophic (EDTH 
≥15 mm) based on the maximal LV EDTH. The hypertro-
phic segments were further stratified as mild (15 mm ≤ EDTH 
<20 mm), moderate (20 mm ≤ EDTH <25 mm), and severe 

(EDTH ≥25 mm) according to the criteria used in previous 
studies.12,14,15

Statistical analysis
All statistical analyses were performed using SPSS v. 18 (Chicago, 
IL). Quantitative results were expressed as mean ± standard devi-
ation (95% confidence intervals, CI). Categorical variables are 
expressed as percentages. Normality of distribution was tested 
by the Kolmogorov–Smirnov test. Kruskal–Wallis test were 
performed for three-group comparison, and Mann–Whitney 
U-test was used to evaluate the differences between two groups 
without assuming normal distribution. Spearman’s rank correla-
tion was applied to determine the relationship between CMR 
parameters (native T1 and T2 values, EDTH, and PSWT). p < 
0.05 was considered statistically significant.

Results
Baseline characteristics and CMR parameters
The baseline clinical characteristics and LV global morphological 
and functional measures derived from CMR of all subjects are 
reported in Table 1.

CMR-derived functional parameters, including LV end-diastolic 
volume index, LV end-systolic volume index, LV stroke volume 
index, and LV ejection fraction, showed no significant differ-
ence between HCM and controls (p > 0.05), except for the LV 
mass index (p < 0.001). The phenotypes of the 47 HCM patients 
were 10 cases (21%) with obstructive HCM and 37 (79%) with 
non-obstructive HCM. The later included 7 (19%) apical HCM 
and 30 (81%) asymmetric septal HCM. 40 HCM subjects (85%) 
had abnormal ST-T wave changes, 32 subjects (68%) had occa-
sional ventricular premature beat, and 1 case (2%) had parox-
ysmal supraventricular tachycardia on electrocardiography.

A total of 752 myocardial segments were evaluated in the HCM 
patient group and 304 segments in the control group. Within 
the HCM patient group, 588 (78%) non-hypertrophic and 164 
(22%) hypertrophic myocardial segments were identified. Of 
the 164 hypertrophic segments, 105 (64%) were mild, 35 (21%) 
moderate, and 24 (15%) severe.

Segmental analysis: non-hypertrophic myocardium 
in HCM vs healthy myocardium in controls
Native T1 and T2 values, PSWT, and EDTH in healthy volun-
teers and HCM patients are reported in Table  2. In HCM 
patients, the native T1 and T2 values in the non-hypertrophic 
segments were significantly elevated as compared to controls (p 
< 0.001, Figure 2A, B). However, there was no significant differ-
ence in PSWT between the non-hypertrophic segments in HCM 
patients and normal segments in healthy volunteers (p = 0.838, 
Figure  2C). Within the HCM group, native T1, and T2 in the 
hypertrophic segments were significantly higher than those in 
the non-hypertrophic segments, and PSWT were significantly 
reduced (p < 0.001; Figure 2).

Segmental analysis
The CMR-derived parameters of myocardial segments with different 
degrees of hypertrophy are reported in Table  3 and displayed in 

Figure 2.  Native T1 values (A), T2 values (B) and PSWT (C) 
in the normal segments in healthy controls, non-hypertrophic, 
mild-hypertrophic, moderate-hypertrophic, and severe hyper-
trophic segments. The error bars represents the median with 
interquartile range. (**: p < 0.001;*: p < 0.05; N.S : p > 0.05). 
PSWT,percentage of systolic wall thickening.
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Figure 3. The native T1 values of segments with severe hypertrophy 
were significantly higher than those with mild and moderate 
hypertrophy (p < 0.001 and p = 0.009; Figure 2A). No significant 
difference in native T1 values was observed between mild and 
moderate hypertrophic segments (p = 0.075; Figure 2A). Mean T2 
values of segments with severe hypertrophy and moderate hyper-
trophy were significantly higher than those with mild hypertrophy 
(p = 0.001 and p = 0.036; Figure 2B). T2 values of segments with 
moderate hypertrophy had no significant difference as compared 
to those with severe hypertrophy (p = 0.238, Figure 2B). PSWT was 
significantly higher in segments with mild and moderate hyper-
trophy than in severe hypertrophic segments (p < 0.001 and p = 

0.001; Figure  2C). As compared to mild hypertrophic segments, 
PSWT in moderate hypertrophic segments showed no significant 
difference (p = 0.142, Figure 2C).

Correlation between segmental parameters
Native T1 and T2 values were positively correlated with EDTH, 
but only weakly (Spearman’s ρ = 0.367, p < 0.001 and Spearman’s 
ρ = 0.183, p < 0.001, respectively). PSWT was negatively correlated 
with EDTH (Spearman’s ρ = −0.692, p < 0.001). Native T1 and 
T2 values showed no significant correlation with PSWT (Spear-
man’s ρ = −0.083, p = 0.288 and Spearman’s ρ = −0.059, p = 0.454, 
respectively).

Table 3.  Native T1 and T2 values, PSWT, and EDTH in mild, moderate, and severe hypertrophic myocardial segments in the HCM 
patient group

Parameters

Mild hypertrophic 
segments
(n = 105)

Moderate 
hypertrophic 

segments
(n = 35)

Severe hypertrophic 
segments
(n = 24)

p-value
(Kruskal–Wallis 

test)
EDTH (mm) 16.5 ± 1.4

(16.2, 16.8)
21.7 ± 1.3*

(21.3, 22.2)
31.5 ± 5.3*

(29.3, 33.8)
<0.001

Native T1 (ms) 1323.2 ± 60.5
(1308.2, 1329.5)

1340.8 ± 58.0
(1320.8, 1360.1)

1389.0 ± 69.2*

(1359.8, 1418.2)
<0.001

T2 (ms) 43.3 ± 3.5
(42.6, 43.9)

44.3 ± 3.4*

(43.1, 45.4)
45.1 ± 2.6*

(44.0, 46.2)
0.002

PSWT (%) 33.3 ± 21.0
(29.3, 37.4)

25.4 ± 14.1
(21.2, 26.1)

15.0 ± 15.6*

(8.4, 21.5)
<0.001

Continuous variables are expressed as mean ± standard deviation(95% CI). EDTH, end-diastolic thickness; PSWT, percentage of systolic wall 
thickening. Column 3 and 4: * statistical significance compared to mild hypertrophic segments (column 2) using Mann-Whitney U-test.

Figure 3.  The native T1 mapping and T2 mapping images of four subjects, from left to right: one healthy control and three 
patients with different HCM severity. ROIs with black outline shows the mid-inferoseptal wall of each subjects for segmental 
analysis (from left to right: EDTH = 8.0 mm, 15.1 mm, 21.8 mm, 25.5 mm; T1 = 1241.8 ms, 1302.8 ms, 1365.3 ms, 1400.2 ms; T2 = 39.1 
ms, 43.5 ms, 44.6 ms, 45.6 ms). The ROI with blue outline in C and G highlight a non-hypertrophic myocardial segment (EDTH = 
7.3 mm, T1 = 1283.3 ms, T2 = 42.0 ms), as compared to a normal myocardial segment in A and E (EDTH = 7.1 mm, T1 = 1230.1 ms, T2 
= 37.6 ms). EDTH, end-diastolic wall thickness; ROI, region ofinterest.
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Discussion
In this study, we focused on regional variation in HCM myocar-
dium, specifically on the normal-appearing myocardium in HCM, 
i.e. the non-hypertrophic myocardial segments with EDTH less 
than 15 mm, and showed that these segments already had signifi-
cantly elevated native T1 and T2 values, despite their normal-range 
thickness and preserved contraction function.

Our major finding suggests that myocardial tissue remodeling 
already occurs in seemingly normal segments of HCM. This is in 
line with a previous study of MR perfusion that showed myocardial 
perfusion of non-hypertrophic segments in HCM patients is lower 
than normal segments in healthy volunteers.13 In another study, 
elevated biomarkers of myocardial collagen synthesis were found in 
HCM gene mutation carriers without LV hypertrophy,14 and native 
T1 mapping can detect early diffuse myocardial fibrosis in these 
subjects.15 However, T2 mapping was not performed in previous 
studies to assess the possible edema. The elevated edema may be 
attributed to ischemia or microvascular dysfunction induced by 
myocardial hypertrophy and capillary endothelial dysfunction.16 
The accumulation of regional collagen may also account for the 
elevated T2 values.17

In this study, we differentiated myocardium segments in our 
analysis, instead of as a whole in most previous studies.8,15,16 
In the hypertrophic segments of HCM, both native T1 and T2 
values gradually increase with the severity of hypertrophy. In 
particular, the T2 values are significantly different between 
segments of mild and moderate hypertrophy, at a relatively early 
stage in remodeling. The T1 values, although elevated, were not 
statistically different at this stage. This suggests that myocardial 
edema may be a major pathological feature in early HCM. In a 
later transition stage, i.e. from moderate to severe hypertrophy, 
the behavior of T1 and T2 values was the opposite: T1 was 
significantly elevated, while T2 changes did not show statistical 
significance. Our results were in accordance to the findings of 
Noureldin et al,18 who showed that increased T2 signal intensity 
is linked to acute myocardial injuries and appears at early phase 
of HCM, while LGE showed chronic injuries developed at a later 
stage.

Another major finding is that although tissue remodeling occurs 
in terms of elevated fibrosis and edema, the contraction func-
tion is still preserved in non-hypertrophic segments of HCM. 
PSWT is a sensitive marker reflecting the mechanical proper-
ties (i.e. stiffness) of myocardial tissue,19,20 potentially critical 
for prognosis as it is linked to the mechanical properties. The 
preserved PSWT showed that the contraction function has not 
been significantly impaired in non-hypertrophic segments. It 
is only after the hypertrophy being manifested that the PSWT 
drops significantly. In comparison, the native T1 and T2 values 
could already demonstrate statistical difference between such 
non-hypertrophic segments and the healthy myocardium.

There were several limitations in present study. The cohort is 
relatively small, and the number of segments in each category 
was not well-balanced for evaluating the remodeling at different 
hypertrophic stages. Furthermore, no LGE or ECV mapping were 
available in our study, the latter able to provide a useful range of 
values which can be compared across MRI vendors and mapping 
protocols. We have shown the trend of increasing T1 and T2 
when the degree of hypertrophy increases in HCM, however, 
significant overlap exists between the values and no threshold 
could be reliably established. Future studies may specifically 
focus on HCM patients of different stage, and establish native T1 
and T2 models aiming for diagnosis at an early stage.

Conclusion
We showed that in HCM patients, T1 and T2 tissue remod-
eling occurs in the normal-appearing myocardial segments with 
preserved contraction function. The finding suggests that tissue 
remodeling may precede morphological and functional remod-
eling in HCM. MRI native T1 and T2 mapping can provide 
additional value for HCM diagnosis at an early stage. Further 
studies are warranted to establish multiparametric CMR models 
involving T1 and T2 measurements for early identification of 
HCM.
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