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Abstract 

Objectives Myocardial strain is reported to be a sensitive indicator of myocardial mechanical changes in patients 
with hypertrophic cardiomyopathy (HCM). The changes in the mechanics of the myocardium of normal wall thickness 
(< 12 mm) have yet to be well studied. This study aimed to evaluate the function of myocardial segments of normal 
thickness in patients with HCM.

Methods Sixty-three patients with HCM and 30 controls were retrospectively enrolled in this retrospective study. 
Cine imaging, native and post-contrast T1 maps, T2 maps, and late gadolinium enhancement were performed. In 
addition, regional myocardial strain was assessed by cardiac magnetic resonance-tissue tracking. Strain parameters 
were compared between the controls and HCM patients with segments of the myocardium of normal thickness. 
Subgroup analysis was conducted in obstructive and non-obstructive HCM. Lastly, p < 0.05 was considered statistically 
significant.

Results In normal-thickness myocardial segments of HCM (n = 716), diastolic peak strain rates (PSRs) were signifi-
cantly lower than in the control group (n = 480) (radial, − 2.43 [− 3.36, − 1.78] vs. − 2.67 [− 3.58, − 1.96], p = 0.002; 
circumferential, 1.28 [1.01,1.60] vs. 1.39 [1.14, 1.78], p < 0.001; and longitudinal, 1.16 [0.75,1.51] vs. 1.28 [0.90, 1.71], 
p < 0.001). The normal-thickness segments showed no significant difference in systolic PSRs between HCM and the 
controls. In the subgroup analysis, significantly decreased diastolic PSRs were noted in both obstructive and non-
obstructive HCM, compared with the controls (p < 0.05).

Conclusions Diastolic changes in myocardial mechanics were observed in normal-thickness segments of HCM, 
occurring before morphological remodeling and systolic dysfunction developed. This finding contributed to a better 
understanding of the mechanical pathophysiology of HCM with preserved left ventricular ejection fraction. It may 
potentially aid in predicting disease progression and risk stratification.
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Background
Hypertrophic cardiomyopathy (HCM) is characterized by 
left ventricular (LV) thickening that cannot be explained 
by an abnormal load or other cardiac or systemic diseases 
[1, 2]. The incidence of HCM is 1:500–1:200 [3, 4]. Nota-
bly, the annual incidence of cardiovascular death among 
adult patients with HCM is 1–2%, primarily from sudden 
cardiac death and heart failure [1].

The end-stage of HCM is characterized by systolic dys-
function (left ventricular ejection fraction [LVEF] < 50%) 
[5]. Among these patients, the risk of death was tenfold 
higher than in those with normal systolic dysfunction 
[5, 6]. In the early stages of HCM, LVEF tends to be pre-
served or pathologically elevated [4, 7]. In contrast, the 
strain parameters at this stage are impaired. They are 
derived from cardiac magnetic resonance tissue tracking 
(CMR-TT) or echocardiography speckle tracking imag-
ing, which detect regional and global myocardial dys-
function [8, 9]. Therefore, the strain was believed to be 
more sensitive in detecting early changes in myocardial 
mechanics than LVEF in HCM patients [10, 11]. In addi-
tion, the strain derived from CMR-TT is more reproduc-
ible than from echocardiography [12].

In HCM patients with normal LVEF, the non-hypertro-
phied segments motion has been shown to be impaired or 
display compensatory hypercontractility [8, 9, 13]. Nota-
bly, segments with a maximal LV wall thickness < 15 mm 
were classified as non-hypertrophied in patients with 
HCM [8, 14]. In contrast, segments in healthy controls 
with a maximal LV wall thickness < 12 mm were defined 
as non-hypertrophied [15]. In HCM patients, the dys-
function of segments with a thickness of 12–15  mm is 
easy to understand since the structural hypertrophy has 
occurred. However, it is unknown whether mechanical 
myocardial changes occur in wall segments of normal 
thickness.

This study aimed to investigate the regional function of 
segments with normal thickness using CMR-TT, to better 
understand the pathophysiology of HCM with preserved 
LVEF. In addition, the goal is to find a new biomarker in 
HCM patients that is potentially useful for monitoring 
the disease progression.

Methods
Study population
We retrospectively enrolled 63 HCM patients who under-
went contrast-enhanced CMR imaging in our institution 
from May 2018 to January 2020 and 30 healthy con-
trols matched for age and sex (Fig. 1). The control group 
showed no abnormalities on contrast-enhanced CMR. 
The HCM inclusion criteria were: (1) maximum LV wall 
thickness ≥ 15 mm, or ≥ 13 mm with family history, and 

(2) age ≥ 18 years old. The exclusion criteria were: (1) the 
presence of other conditions that could lead to LV hyper-
trophy, (2) image quality too poor for segmental analysis, 
and (3) LVEF < 50%. The clinical history, serum markers, 
and echocardiographic data were collected for all sub-
jects. This study was approved by the Institutional Eth-
ics Committee, and written informed consent was waived 
due to the retrospective design.

Image acquisition
All subjects underwent a CMR scan with an 18-channel 
phased-array body coil on a 3 T scanner (MAGNETOM 
Skyra, Siemens Healthcare, Erlangen, Germany). CMR 
protocols included cine in the short- and long-axis (2-, 3-, 
and 4-chamber), native and post-contrast T1 mapping, 
T2 mapping in three short axis slices (basal, middle, and 
apical), and late gadolinium enhancement (LGE) images 
at the exact location as the short-axis cine slices.

A standard breath-hold cine imaging with steady-
state free precession (SSFP) sequence was acquired. The 
parameters were as follows: echo time (TE) = 1.4  ms; 
repetition time (TR) = 3.1  ms; flip angle (FA) = 55°; 
slice thickness = 8  mm; voxel size = 1.9 × 1.9   mm2; slice 
gap = 2 mm; bandwidth = 965 Hz/pixel; FOV = 360 × 360 
 mm2; and 25 calculated phases per heartbeat.

T1 mapping was acquired by using a single breath-hold 
Modified Look-Locker Inversion recovery sequence. In 
addition, 5b(3b)3b and 4b(1b)3b(1b)2b schemes were 
used for the native and post-contrast T1 imaging, respec-
tively, 15–20  min after administration of a contrast 
agent dose (0.2  mL/kg of MultiHance, Bracco Diagnos-
tics). The T1 parameters were as follows: TE = 1.2  ms; 
TR = 3.8 ms; FA = 35°; slice thickness = 5 mm; and voxel 
size = 1.4 × 1.4  mm2. Furthermore, T2 mapping was gen-
erated using a T2-prepared bSSFP sequence with three 
T2 preparation times: 0, 24, and 55 ms. The T2 parame-
ters were as follows: TE = 1.41 ms; TR = 3.3 ms; FA = 12°; 
slice thickness = 5  mm; voxel size = 1.9 × 1.9  mm2; and 
acquisition matrix = 206 × 256.

LGE imaging was performed 10–15  min after admin-
istration of the contrast agent using an inversion recov-
ery prepared pulse and segmented FLASH sequence 
with a phase-sensitive reconstruction technique. 
Imaging parameters were as follows: TE = 1.2  ms; 
TR = 5.2  ms; FA = 55°; slice thickness = 8.0  mm; and 
voxel size = 1.5 × 1.5  mm2.

Image analysis
All CMR images were analyzed with commercial soft-
ware (CVI 42, version 5.11, Circle Cardiovascular Imag-
ing, Calgary, Canada) according to the 16-segment 
American Heart Association (AHA) model [8].
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Fig. 1 Study flow diagram. CMR, cardiac magnetic resonance; HCM, hypertrophic cardiomyopathy; EF, ejection fraction

Fig. 2 CMR Tissue Tracking contours. The endo- (red curve) and epi-cardial (green curve) borders on the cine images of the four-chamber (A) and 
short axis (B). The peak circumferential diastolic strain rate results are shown in polarmap (C) and diagram (D)
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Contours in the endo- and epi-myocardium at the LV 
end-diastolic phase without papillary muscle were auto-
matically sketched and manually corrected on a short-
axis cine by a radiologist with 3 years of experience using 
the short-3D module (Figure 2). In addition, the LV func-
tional parameters were obtained automatically.

Then, the cine images of the short and long axes were 
loaded into the Tissue Tracking module to outline the 
endocardium and epicardium and generate segmental 
strain parameters, including the peak strain (PS), systolic 
peak strain rate (PSR) and diastolic PSR in the radial, cir-
cumferential, and longitudinal directions.

According to the maximum thickness of the myocar-
dium, the total HCM segments were divided into group 
A (< 12mm) [15], group B (12–15 mm), and group C (> 
15mm) [8, 14]. We further compared the strain within 
the subgroups of obstructive and non-obstructive HCM 
to exclude the influence of an obstructive left ventricular 
outflow tract (LVOT) on this strain parameter. Notably, a 
maximum LVOT gradient of ≥ 30 mmHg at rest or with 
provocation represented the presence of obstruction, 
based on the result of echocardiography [16].

Segmental native T1 and T2 values were obtained by 
manually delineating the endocardium and epicardium 
of the entire LV myocardial region (which included the 
LGE-positive regions) on the T1 and T2 mapping images 
[17]. Then, the extracellular volume (ECV) was calculated 
using the hematocrit (Hct) and the myocardial and blood 
intensity before and after enhancement: ECV = (1/T1myo 

post − 1/T1myo pre) × (1 − Hct)/(1/T1blood post − 1/T1blood 

pre)16.  T1myo post and  T1myo pre represented the post- and 
pre-contrast myocardial T1 values, respectively, whereas 
 T1blood post and T1 blood pre were the post- and pre-contrast 
blood T1 value [18]. The Hct used was from the routine 
blood test conducted on the day of CMR scanning. Posi-
tive LGE lesions were defined as a signal intensity greater 
than six standard deviations above the mean signal inten-
sity of the remote reference myocardium [19, 20]. In 
addition, the LGE ratios were calculated according to the 
LGE volume and segmental LV myocardial volume.

We randomly selected 20 patients for inter- and intra-
observer agreement analysis. The strain parameters 
were measured independently by two blinded observers 
(J.H.Q. and P.J.Z, with 3 and 5 years of CMR diagnostic 
experience, respectively), one of whom re-measured the 
strains after one month (J.H.Q).

Statistical analysis
All statistical analyses were performed using SPSS Sta-
tistics 22 (IBM, Chicago, USA). Categorical variables 
were presented as frequencies (percentages) and ana-
lyzed with Pearson’s chi-squared test. The normality dis-
tribution of the continuous data was determined by the 

Shapiro–Wilk test. Continuous variables were expressed 
as mean ± standard deviation or median (interquartile 
range). An independent t-test or Mann–Whitney U-test 
was performed to compare two groups of continuous var-
iables. The Kruskal–Wallis rank test was used to analyze 
the differences among three or more groups. In addition, 
Bonferroni’s correction was conducted to perform post-
hoc comparisons. The association between myocardial 
thickness and other quantitative myocardial parameters 
(e.g., strain indexes and tissue characteristics) was evalu-
ated with the Spearman correlation, which had the fol-
lowing values: Spearman correlation value of 0.00–0.10 
was considered a negligible correlation; 0.10–0.39, weak 
correlation; 0.40–0.69, moderate correlation; 0.70–0.89, 
strong correlation; and 0.90–1.00, very strong correlation 
[21]. Furthermore, the intraclass correlation coefficient 
(ICC) was applied to assess the inter- and intra-observer 
reproducibility variability, in which a value > 0.75 repre-
sented good agreement. Lastly, a p-value < 0.05 was con-
sidered statistically significant.

Results
Table 1 shows the clinical characteristics of the cases and 
controls. Twenty-one (33.3%) patients were diagnosed as 
having obstructive HCM. Among the HCM patients, 46 
(73.0%) reported experiencing chest pain, and four (6.3%) 
had a history of syncope.

Differences in cardiac function
Compared with the controls, patients with HCM 
had a significantly increased myocardial mass index, 

Table 1 Clinical characteristics in HCM patients and controls

The values are presented as frequencies (percentages) or means ± standard 
deviation or medians (interquartile range)

HCM, hypertrophic cardiomyopathy; BMI, body mass index; BSA, body surface 
area; BP, blood pressure; Hct, hematocrit

Parameter Controls (n = 30) Patients (n = 63) p-value

Age (year) 50 ± 11 54 ± 11 0.07

Sex, male (%) 18 (60.0) 43 (68.3) 0.06

Height (m) 1.65 ± 0.07 1.66 ± 0.07 0.42

Weight (kg) 67.7 ± 12.2 68.1 ± 12.1 0.87

BMI (kg/m2) 24.8 ± 4.3 24.4 ± 3.0 0.65

BSA  (m2) 1.72 ± 0.18 1.73 ± 0.19 0.75

Heart rate (beats/min) 66 (60, 76) 68 (63, 74) 0.38

Systolic BP (mm Hg) 120 (112, 128) 125 (118, 135) 0.06

Diastolic BP (mm Hg) 80 (73, 82) 80 (71, 88) 0.61

Drinking (%) 4 (13.3) 7 (11.1) 0.79

Smoking (%) 5 (16.7) 17 (27.0) 0.56

Hct (%) 40.9 ± 4.7 40.4 ± 4.7 0.38
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cardiac output, and stroke volume (p < 0.001, p = 0.03, 
and p = 0.04, respectively) (Table 2). However, there were 
no statistically significant differences between the HCM 
patients and controls in LVEF, end-diastolic volume, or 

end-systolic volume (p = 0.07, p = 0.10, and p = 0.90, 
respectively).

Comparison of strain parameters and tissue characteristics
There were 716 segments in group A, 111 in group B, and 
181 in group C. As shown in Table  3, the diastolic PSR 
values in group A were all lower than in the control group 
in the radial, circumferential, and longitudinal directions 
(all p < 0.05). Notably, there was a significant difference in 
the native T1 (p < 0.001) between group A and the con-
trol group but no such difference in T2 (p = 0. 59) or ECV 
(p = 0. 99).

Comparison of strain parameters among subgroups
Further analysis of segmental strain in the normal-thick-
ness wall segments are shown in Fig. 3 for patients with 
obstructive HCM, non-obstructive HCM, and controls. 
There were decreased diastolic PSRs in both subgroups 
compared with the controls (both p < 0.05). In addition, 
the demographic characteristics of the subgroups are 
shown in the supplementary materials (Additional file 1: 
Table S1).

Table 2 CMR imaging findings in HCM patients and controls

The values are presented as mean ± standard deviation or median (interquartile 
range). Bold values indicate p < 0.05

CMR, cardiac magnetic resonance; HCM, hypertrophic cardiomyopathy; EF, 
ejection fraction; CO, cardiac output; EDV, end diastolic volume; ESV, end systolic 
volume; SV, stroke volume; BSA, body surface area; LV,left ventricle/ventricular

Parameter Controls (n = 30) Patients (n = 63) p-value

EF (%) 62.5 ± 7.9 65.5 ± 6.8 0.07

CO (L) 4.1 (3.5, 5.8) 5.4 (4.7, 6.9) 0.03
EDV (mL) 111.0 ± 23.5 122.1 ± 32.5 0.10

ESV (mL) 39.2 (33.5, 50.6) 40.9 (32.9, 47.8) 0.90

SV (mL) 69.6 ± 18.7 80.3 ± 24.0 0.04
EDV/BSA (mL/m2) 62.9 ± 12.3 68.6 ± 15.3 0.08

ESV/BSA (mL/m2) 23.1 (18.7, 27.8) 23.1 (18.7, 27.7) 0.90

SV /BSA (mL/m2) 39.3 ± 9.7 45.0 ± 11.4 0.02
LV mass (g) 72.5 (64.8, 82.4) 121.4 (100.3, 138.9)  < 0.001
LV mass/BSA (g/m2) 41.8 (37.3, 44.8) 68.5 (59.0, 79.3)  < 0.001

Table 3 Strain parameters and tissue characteristics in different groups

The groups (A, B, C) of HCM are divided according to the maximum thickness of the segmental myocardium: Group A, < 12 mm; Group B, 12-15 mm; Group C, > 15 mm. 
Analysis of the segments is based on the 16-segment AHA model

The values are presented as frequencies (percentages) or median (interquartile range). Bold values indicate p < 0.05 when compared among the four groups

*, vs. control, p < 0.05;
# , vs. Group A, p < 0.05;
$ , vs. Group B, p < 0.05

PS, peak strain; PSR, peak strain rate; LGE, late gadolinium enhancement; ECV, extracellular volume; HCM, hypertrophic cardiomyopathy, AHA, American Heart 
Association

Control (n = 480) Group A (n = 716) Group B (n = 111) Group C (n = 181) p-value

Strain parameters

Radial PS (%) 37.30 (29.00, 48.19) 36.64 (28.58,47.58) 29.04 (22.34, 36.86)*# 25.51 (18.02, 33.02)*#  < 0.001
Circumferential PS (%) − 20.83 (− 23.80, − 17.71) − 20.53 (− 23.73, − 17.56) − 17.90 (− 20.66, − 15.04)*# − 16.46 (− 19.06, − 12.69)*#  < 0.001
Longitudinal PS (%) − 15.70 (− 20.78, − 10.62) − 15.68 (− 20.56, − 9.64) − 13.73 (− 17.23, − 8.66)*# − 10.63 (− 14.83, − 6.58)*#  < 0.001
Radial systolic PSR (1/s) 2.06 (1.58, 2.81) 2.28 (1.69, 3.00)* 1.75 (1.37, 2.32)*# 1.51 (1.14, 2.03)*#  < 0.001
Circumferential systolic 
PSR (1/s)

− 1.18 (− 1.50, − 0.99) − 1.28 (− 1.55, − 1.02) − 1.14 (− 1.41, − 0.94) # − 1.02 (− 1.27, − 0.83)*#$  < 0.001

Longitudinal systolic PSR 
(1/s)

− 1.10 (− 1.49, − 0.76) − 1.14 (− 1.53, − 0.71) − 1.02 (− 1.42, − 0.63) − 0.93 (− 1.23, − 0.61)*#  < 0.001

Radial diastolic PSR (1/s) − 2.67 (− 3.58, − 1.96) − 2.43 (− 3.36, − 1.78)* − 1.71 (− 2.27, − 1.24)*# − 1.38 (− 1.94, − 1.02)*#  < 0.001
Circumferential diastolic 
PSR (1/s)

1.39 (1.14, 1.78) 1.28 (1.01,1.60)* 1.00 (0.80, 1.20)*# 0.90 (0.73, 1.10)*#  < 0.001

Longitudinal diastolic PSR 
(1/s)

1.28 (0.90, 1.71) 1.16 (0.75,1.51)* 0.96 (0.67, 1.23)*# 0.88 (0.60, 1.21)*#  < 0.001

Tissue characteristics

LGE, n (%) 0 (0) 30 (4.1)* 14 (12.6)*# 62 (34.2)*#$  < 0.001
Mean native T1 (ms) 1231.2 (1194.7, 1264.2) 1252.2 (1222.8, 1287.7)* 1278.7 (1244.8, 1305.2)*# 1293.1 (1268.7, 1332.4)*#$  < 0.001
Mean T2 (ms) 39.8 (37.9, 41.9) 39.8 (38.4, 41.4) 39.4 (38.1, 41.2) 39.9 (38.7, 41.3) 0.59

Mean ECV (%) 25.0 (22.9, 27.0) 25.2 (22.8, 27.7) 25.5 (23.3, 29.4) 26.6 (23.9, 29.7)*#  < 0.001
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Correlation analysis
As demonstrated in Table  4, the radial diastolic PSR 
was moderately associated with the end-diastolic wall 

thickness (EDTH) (r = 0.44, p < 0.001). The EDTH was 
weakly correlated with the extent of LGE (r = 0.35, 
p < 0.001) and native T1 (r = 0.34, p < 0.001).

Inter‑ and intra‑observer agreements
As shown in Table 5, all inter-observer ICCs were above 
0.848 and the intra-observer ICCs were higher than 
0.862, indicating good observer agreement and reliability.

Discussion
We found that in HCM patients, the diastolic PSR of seg-
ments with normal thickness (< 12  mm) were impaired 
in the radial, circumferential, and longitudinal directions 
compared with the controls. This finding suggested that 
functional remodeling with changes in diastolic dysfunc-
tion may precede morphological remodeling in normal-
thickness HCM segments.

We observed that diastolic PSR decreased in all seg-
ments. In contrast, PS and systolic PSR were impaired in 
segments with a thickness ≥ 12  mm [8], indicating that 
diastolic function was impaired prior to morphologi-
cal remodeling and systolic dysfunction. Notably, dias-
tolic dysfunction prior to systolic impairment has been 
described in HCM patients [9, 22]. In addition, functional 
remodeling in non-hypertrophic segments has also been 
reported in a previous study [8]. Our study showed that 
mechanical impairment in HCM involved the entire LV 
myocardium (including segments with normal-thick-
ness), not only the hypertrophic myocardium. The find-
ing of impaired diastolic function in normal-thickness 
wall segments contributed to a better understanding of 
the pathophysiology of HCM, which may help predict dis-
ease progression. The diastolic dysfunction of HCM may 
be associated with changes in the conformation of myosin 
and molecular effects such as increased calcium ion sen-
sitivity [23, 24]. Interestingly, diastolic abnormalities were 
confirmed in preclinical sarcomere mutation carriers, 
whose segments were of normal thickness [25, 26].

Fig. 3 Subgroup analysis of the strain parameters in group A (< 12 mm), including segmental peak strain (A), segmental peak systolic strain rate 
(B), and segmental peak diastolic strain rate (C). The bars indicate the median values with the interquartile range. *p < 0.05. O-HCM, obstructive 
hypertrophic cardiomyopathy; NO-HCM, non-obstructive hypertrophic cardiomyopathy

Table 4 Bivariate analysis regarding the association of 
myocardial quantitative myocardial parameters and myocardial 
thickness

Bold values indicate p < 0.05

EDTH, end-diastolic wall thickness; PSR, peak strain rate; LGE, late gadolinium 
enhancement; ECV, extracellular volume

EDTH

r p-value

Radial diastolic PSR 0.44  < 0.001
Circumferential diastolic PSR − 0.38  < 0.001
Longitudinal diastolic PSR − 0.16  < 0.001
LGE ratio 0.35  < 0.001
Native T1 0.34  < 0.001
T2 − 0.06 0.064

ECV 0.05 0.132

Table 5 Inter- and intra-observer variability of strain by the ICC 
analysis

ICC, intraclass correlation coefficient, CI, confidence interval, PS, peak strain; 
PDSR, peak diastolic strain rate; PSSR, peak systolic strain rate

Inter‑observer Intra‑observer

ICC 95% CI ICC 95% CI

Radial PS (%) 0.948 0.927–0.965 0.961 0.927–0.978

Circumferential PS (%) 0.963 0.920–0.975 0.967 0.945–0.981

Longitudinal PS (%) 0.935 0.907–0.954 0.955 0.934–0.964

Radial PSSR (1/s) 0.869 0.843–0.891 0.878 0.849–0.896

Circumferential PSSR (1/s) 0.883 0.853–0.914 0.898 0.866–0.911

Longitudinal PSSR (1/s) 0.848 0.835–0.876 0.862 0.843–0.886

Radial PDSR (1/s) 0.891 0.875–0.914 0.889 0.843–0.902

Circumferential PDSR (1/s) 0.894 0.866–0.917 0.906 0.858–0.916

Longitudinal PDSR(1/s) 0.859 0.846–0.887 0.881 0.867–0.896
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In the subgroup analysis, there were no significant 
differences between obstructive and non-obstructive 
HCM in diastolic PSR for the normal-thickness wall 
segments. However, Zhao et  al. [27] reported differ-
ences in global strain between obstructive and non-
obstructive HCM. This finding may be explained by 
the fact that we focused on segmental strain while 
Zhao et  al. focused on the global strain. Furthermore, 
obstructive HCM was a global consequence of the pres-
sure gradient. Due to the different ranges of LV hyper-
trophy, global and segmental strains may vary in HCM. 
However, there are few reports on segmental strain in 
obstructive HCM, so this difference might be difficult 
to confirm. She et  al. [16] found that free wall strain 
was not significantly different between obstructive 
and non-obstructive HCM. More studies on segmental 
strain parameters are needed to explore the differences 
between obstructive and non-obstructive HCM.

Consistent with the study by Swoboda et al. [14], this 
study found the increased native T1 and the preserved 
ECV in the normal-thickness wall segments, which 
indicated that native T1 might be more sensitive to 
changes than ECV in HCM. Similarly, Puntmann et al. 
[28] observed that native T1 provided a higher diagnos-
tic accuracy than ECV for the discrimination of healthy 
controls and HCM. Moreover, Hinojar et  al. [29] dem-
onstrated that native T1 increased prior to morphologi-
cal changes in individuals who were identified carriers 
of the relevant sarcomere–gene mutations for HCM but 
had no evidence of LV hypertrophy. Therefore, native 
T1 might be a potential marker for monitoring HCM 
progression or the response to clinical intervention [14].

We performed a correlation analysis to explore myo-
cardial changes that occurred with the variation in wall 
thickness. The segmental strain index showed a better 
correlation with myocardial thickness than LGE, consist-
ent with previous reports [8, 30]. This finding suggested 
that HCM progression could be monitored by the strain 
index, particularly in the radial direction. Moreover, the 
higher correlation of EDTH with the radial direction than 
the other two directions may be related to the fact that at 
an early stage, myocardial hypertrophy induced increased 
wall thickness in the radial direction [8]. There is a weak 
correlation between LGE and native T1with EDTH, con-
sistent with previous studies  [30, 31]. Notably, the pres-
ence of LGE increases the stiffness of the ventricular wall, 
reportedly affecting patients’ prognosis [32].

Our study had several limitations. First, there was a 
lack of genetic results for our participants, and the effects 
of different genotypes on normal-thickness segment 
strain should be explored in future studies. Second, this 
study only included patients with localized basal septal 

hypertrophy and reverse curvature septal hypertrophy 
categories as reported in a previous study [33], due to the 
limited sample size. Patients with apical HCM should be 
investigated in future studies. Third, the study sample size 
was relatively small. More patients should be included in 
future studies. Finally, we did not compare the strain in 
CMR and the strain in echocardiography speckle track-
ing imaging.

Conclusion
In conclusion, ventricular diastolic dysfunction was 
observed in normal-thickness wall segments in HCM 
patients, a process that preceded morphological remod-
eling. This finding contributed to a better understand-
ing of HCM pathophysiology of and may potentially 
help predict disease progression and risk stratification in 
patients with HCM.

Abbreviations
HCM  Hypertrophic cardiomyopathy
LGE  Late gadolinium enhancement
CMR-TT  Cardiac magnetic resonance tissue tracking
PS  Peak strain
PSR  Peak strain rate
EDTH  End-diastolic thickness
LVEF  Left ventricular ejection fraction
LV  Left ventricular
TE  Echo time
TR  Repetition time
FA  Flip angle
AHA  American heart association
LVOT  Left ventricular outflow tract
ECV  Extracellular volume
ICC  Intraclass correlation coefficient

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12880- 022- 00955-7.

Additional file 1: Table S1. Clinical characteristics and CMR imaging find-
ings in obstructive and non-obstructive HCM patients and controls

Acknowledgements
None

Author contributions
JQ: Study design, Data curation, Writing-original draft, PZ: Data curation, 
Writing-review. JL: Writing-review, interpretation of results, LH: Project 
administration, Writing-review, XM: Writing-review, interpretation of results, 
XZ: Software, LX: Project administration, Writing-review. All authors read and 
approved the final manuscript.

Funding
This work was supported by the National Natural Science Foundation of China 
(No. 81873889).

Availability of data and materials
The data that support the findings of this study are available on request from 
the corresponding author.

https://doi.org/10.1186/s12880-022-00955-7
https://doi.org/10.1186/s12880-022-00955-7


Page 8 of 9Qiao et al. BMC Medical Imaging            (2023) 23:7 

Declarations

Ethical approval and consent to participation
The Ethics Committees of the of the Tongji Hospital, Tongji Medical College, 
Huazhong University of Science and Technology approved this retrospective 
study and waived the need for informed consent from patients (approval 
number: TJ-IRB20210316). All methods were carried out in accordance with 
relevant guidelines and regulations.

Consent to publication
Not applicable.

Competing interests
One of the authors of this manuscript (Xiaoyue Zhou) is an employee of 
Siemens. The remaining authors report no declarations of interest.

Received: 1 September 2022   Accepted: 19 December 2022

References
 1. Authors/Task Force members, Elliott PM, Anastasakis A, Borger MA, 

Borggrefe M, Cecchi F, Charron P, et al. 2014 ESC Guidelines on diagnosis 
and management of hypertrophic cardiomyopathy: the Task Force for 
the Diagnosis and Management of Hypertrophic Cardiomyopathy of the 
European Society of Cardiology (ESC). Eur Heart J. 2014;35(39):2733–79. 
https:// doi. org/ 10. 1093/ eurhe artj/ ehu284.

 2. Veselka J, Anavekar NS, Charron P. Hypertrophic obstructive cardiomyo-
pathy. Lancet. 2017;389(10075):1253–67. https:// doi. org/ 10. 1016/ S0140- 
6736(16) 31321-6.

 3. Maron BJ, Gardin JM, Flack JM, Gidding SS, Kurosaki TT, Bild DE. Preva-
lence of hypertrophic cardiomyopathy in a general population of young 
adults. Echocardiographic analysis of 4111 subjects in the CARDIA 
Study. Coronary artery risk development in (young) adults. Circulation. 
1995;92(4):785–9. https:// doi. org/ 10. 1161/ 01. cir. 92.4. 785.

 4. Semsarian C, Ingles J, Maron MS, Maron BJ. New perspectives on 
the prevalence of hypertrophic cardiomyopathy. J Am Coll Cardiol. 
2015;65(12):1249–54. https:// doi. org/ 10. 1016/j. jacc. 2015. 01. 019.

 5. Rowin EJ, Maron BJ, Carrick RT, Patel PP, Koethe B, Wells S, et al. Outcomes 
in patients with hypertrophic cardiomyopathy and left ventricular systolic 
dysfunction. J Am Coll Cardiol. 2020;75(24):3033–43. https:// doi. org/ 10. 
1016/j. jacc. 2020. 04. 045.

 6. Liu J, Wang D, Ruan J, Wu G, Xu L, Jiang W, et al. Identification of heart 
failure with preserved ejection fraction helps risk stratification for hyper-
trophic cardiomyopathy. BMC Med. 2022;20(1):21. https:// doi. org/ 10. 
1186/ s12916- 021- 02219-7.

 7. Wehner GJ, Jing L, Haggerty CM, Suever JD, Leader JB, Hartzel DN, et al. 
Routinely reported ejection fraction and mortality in clinical practice: 
where does the nadir of risk lie? Eur Heart J. 2020;41(12):1249–57. https:// 
doi. org/ 10. 1093/ eurhe artj/ ehz550.

 8. Xu HY, Chen J, Yang ZG, Li R, Shi K, Zhang Q, et al. Early marker of regional 
left ventricular deformation in patients with hypertrophic cardiomyopa-
thy evaluated by MRI tissue tracking: The effects of myocardial hypertro-
phy and fibrosis. J Magn Reson Imaging. 2017;46(5):1368–76. https:// doi. 
org/ 10. 1002/ jmri. 25681.

 9. Cavus E, Muellerleile K, Schellert S, Schneider J, Tahir E, Chevalier C, 
et al. CMR feature tracking strain patterns and their association with 
circulating cardiac biomarkers in patients with hypertrophic cardiomyo-
pathy. Clin Res Cardiol. 2021;110(11):1757–69. https:// doi. org/ 10. 1007/ 
s00392- 021- 01848-5.

 10. Claus P, Omar AMS, Pedrizzetti G, Sengupta PP, Nagel E. Tissue tracking 
technology for assessing cardiac mechanics: principles, normal values, 
and clinical applications. JACC Cardiovasc Imaging. 2015;8(12):1444–60. 
https:// doi. org/ 10. 1016/j. jcmg. 2015. 11. 001.

 11. Haland TF, Almaas VM, Hasselberg NE, Saberniak J, Leren IS, Hopp E, et al. 
Strain echocardiography is related to fibrosis and ventricular arrhyth-
mias in hypertrophic cardiomyopathy. Eur Heart J Cardiovasc Imaging. 
2016;17(6):613–21. https:// doi. org/ 10. 1093/ ehjci/ jew005.

 12. Pedrizzetti G, Claus P, Kilner PJ, Nagel E. Principles of cardiovascular mag-
netic resonance feature tracking and echocardiographic speckle tracking 
for informed clinical use. J Cardiovasc Magn Reson. 2016;18(1):51. https:// 
doi. org/ 10. 1186/ s12968- 016- 0269-7.

 13. Huang L, Ran L, Zhao P, Tang D, Han R, Ai T, et al. MRI native T1 and T2 
mapping of myocardial segments in hypertrophic cardiomyopathy: 
tissue remodeling manifested prior to structure changes. Br J Radiol. 
2019;92(1104):20190634. https:// doi. org/ 10. 1259/ bjr. 20190 634.

 14. Swoboda PP, McDiarmid AK, Erhayiem B, Law GR, Garg P, Broadbent 
DA, et al. Effect of cellular and extracellular pathology assessed by T1 
mapping on regional contractile function in hypertrophic cardiomyo-
pathy. J Cardiovasc Magn Reson. 2017;19(1):16. https:// doi. org/ 10. 1186/ 
s12968- 017- 0334-x.

 15. Vigneault DM, Yang E, Jensen PJ, Tee MW, Farhad H, Chu L, et al. Left 
ventricular strain is abnormal in preclinical and overt hypertrophic cardio-
myopathy: cardiac MR feature tracking. Radiology. 2019;290(3):640–8. 
https:// doi. org/ 10. 1148/ radiol. 20181 80339.

 16. She JQ, Guo JJ, Yu YF, Zhao SH, Chen YY, et al. Left ventricular outflow tract 
obstruction in hypertrophic cardiomyopathy: the utility of myocardial 
strain based on cardiac MR tissue tracking. J Magn Reson Imaging. 
2021;53(1):51–60. https:// doi. org/ 10. 1002/ jmri. 27307.

 17. Zhao P, Huang L, Ran L, Tang D, Zhou X, Xia L. CMR  T1 mapping and strain 
analysis in idiopathic inflammatory myopathy: evaluation in patients 
with negative late gadolinium enhancement and preserved ejec-
tion fraction. Eur Radiol. 2021;31(3):1206–15. https:// doi. org/ 10. 1007/ 
s00330- 020- 07211-y.

 18. Li H, Zhu H, Yang Z, Tang D, Huang L, Xia L. Tissue characterization by 
mapping and strain cardiac MRI to evaluate myocardial inflammation in 
fulminant myocarditis. J Magn Reson Imaging. 2020;52(3):930–8. https:// 
doi. org/ 10. 1002/ jmri. 27094.

 19. Fahmy AS, Neisius U, Chan RH, Rowin EJ, Manning WJ, Maron MS, et al. 
Three-dimensional deep convolutional neural networks for automated 
myocardial scar quantification in hypertrophic cardiomyopathy: a multi-
center multivendor study. Radiology. 2020;294(1):52–60. https:// doi. org/ 
10. 1148/ radiol. 20191 90737.

 20. Habib M, Adler A, Fardfini K, Hoss S, Hanneman K, Rowin EJ, et al. Progres-
sion of myocardial fibrosis in hypertrophic cardiomyopathy: a cardiac 
magnetic resonance study. JACC Cardiovasc Imaging. 2021;14(5):947–58. 
https:// doi. org/ 10. 1016/j. jcmg. 2020. 09. 037.

 21. Schober P, Boer C, Schwarte LA. Correlation coefficients: appropriate use 
and interpretation. Anesth Analg. 2018;126(5):1763–8. https:// doi. org/ 10. 
1213/ ANE. 00000 00000 002864.

 22. Chen CJ, Su MM, Liao YC, Chang FL, Wu CK, Lin LY, et al. Long-term 
outcomes and left ventricular diastolic function of sarcomere mutation-
positive and mutation-negative patients with hypertrophic cardiomyo-
pathy: a prospective cohort study. Eur Heart J Cardiovasc Imaging. 2020. 
https:// doi. org/ 10. 1093/ ehjci/ jeaa3 17.

 23. Toepfer CN, Garfinkel AC, Venturini G, Wakimoto H, Repetti G, Alamo L, 
et al. Myosin sequestration regulates sarcomere function, cardiomyocyte 
energetics, and metabolism, informing the pathogenesis of hypertrophic 
cardiomyopathy. Circulation. 2020;141(10):828–42. https:// doi. org/ 10. 
1161/ CIRCU LATIO NAHA. 119. 042339.

 24. Schuldt M, Johnston JR, He H, Huurman R, Pei J, Harakalova M, et al. Muta-
tion location of HCM-causing troponin T mutations defines the degree 
of myofilament dysfunction in human cardiomyocytes. J Mol Cell Cardiol. 
2021;150:77–90. https:// doi. org/ 10. 1016/j. yjmcc. 2020. 10. 006.

 25. Michels M, Soliman OI, Kofflard MJ, Hoedemaekers YM, Dooijes D, Majoor-
Krakauer D, et al. Diastolic abnormalities as the first feature of hyper-
trophic cardiomyopathy in Dutch myosin-binding protein C founder 
mutations. JACC Cardiovasc Imaging. 2009;2(1):58–64. https:// doi. org/ 10. 
1016/j. jcmg. 2008. 08. 003.

 26. Ho CY, Carlsen C, Thune JJ, Havndrup O, Bundgaard H, Farrohi F, et al. 
Echocardiographic strain imaging to assess early and late consequences 
of sarcomere mutations in hypertrophic cardiomyopathy. Circ Cardiovasc 
Genet. 2009;2(4):314–21. https:// doi. org/ 10. 1161/ CIRCG ENETI CS. 109. 862128.

 27. Zhao X, Tan RS, Tang HC, Leng S, Zhang JM, Zhong L. Analysis of three-
dimensional endocardial and epicardial strains from cardiac magnetic 
resonance in healthy subjects and patients with hypertrophic cardiomyo-
pathy. Med Biol Eng Comput. 2018;56(1):159–72. https:// doi. org/ 10. 1007/ 
s11517- 017- 1674-2.

https://doi.org/10.1093/eurheartj/ehu284
https://doi.org/10.1016/S0140-6736(16)31321-6
https://doi.org/10.1016/S0140-6736(16)31321-6
https://doi.org/10.1161/01.cir.92.4.785
https://doi.org/10.1016/j.jacc.2015.01.019
https://doi.org/10.1016/j.jacc.2020.04.045
https://doi.org/10.1016/j.jacc.2020.04.045
https://doi.org/10.1186/s12916-021-02219-7
https://doi.org/10.1186/s12916-021-02219-7
https://doi.org/10.1093/eurheartj/ehz550
https://doi.org/10.1093/eurheartj/ehz550
https://doi.org/10.1002/jmri.25681
https://doi.org/10.1002/jmri.25681
https://doi.org/10.1007/s00392-021-01848-5
https://doi.org/10.1007/s00392-021-01848-5
https://doi.org/10.1016/j.jcmg.2015.11.001
https://doi.org/10.1093/ehjci/jew005
https://doi.org/10.1186/s12968-016-0269-7
https://doi.org/10.1186/s12968-016-0269-7
https://doi.org/10.1259/bjr.20190634
https://doi.org/10.1186/s12968-017-0334-x
https://doi.org/10.1186/s12968-017-0334-x
https://doi.org/10.1148/radiol.2018180339
https://doi.org/10.1002/jmri.27307
https://doi.org/10.1007/s00330-020-07211-y
https://doi.org/10.1007/s00330-020-07211-y
https://doi.org/10.1002/jmri.27094
https://doi.org/10.1002/jmri.27094
https://doi.org/10.1148/radiol.2019190737
https://doi.org/10.1148/radiol.2019190737
https://doi.org/10.1016/j.jcmg.2020.09.037
https://doi.org/10.1213/ANE.0000000000002864
https://doi.org/10.1213/ANE.0000000000002864
https://doi.org/10.1093/ehjci/jeaa317
https://doi.org/10.1161/CIRCULATIONAHA.119.042339
https://doi.org/10.1161/CIRCULATIONAHA.119.042339
https://doi.org/10.1016/j.yjmcc.2020.10.006
https://doi.org/10.1016/j.jcmg.2008.08.003
https://doi.org/10.1016/j.jcmg.2008.08.003
https://doi.org/10.1161/CIRCGENETICS.109.862128
https://doi.org/10.1007/s11517-017-1674-2
https://doi.org/10.1007/s11517-017-1674-2


Page 9 of 9Qiao et al. BMC Medical Imaging            (2023) 23:7  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 28. Puntmann VO, Voigt T, Chen Z, Mayr M, Karim R, Rhode K, et al. Native T1 
mapping in differentiation of normal myocardium from diffuse disease 
in hypertrophic and dilated cardiomyopathy. JACC Cardiovasc Imaging. 
2013;6(4):475–84. https:// doi. org/ 10. 1016/j. jcmg. 2012. 08. 019.

 29. Hinojar R, Varma N, Child N, Goodman B, Jabbour A, Yu CY, et al. T1 map-
ping in discrimination of hypertrophic phenotypes: hypertensive heart 
disease and hypertrophic cardiomyopathy: findings from the interna-
tional T1 multicenter cardiovascular magnetic resonance study. Circ 
Cardiovasc Imaging. 2015;8(12):e003285. https:// doi. org/ 10. 1161/ CIRCI 
MAGING. 115. 003285.

 30. Wu CW, Wu R, Shi RY, An DA, Chen BH, Jiang M, et al. Histogram analysis 
of native  T1 mapping and its relationship to left ventricular late gado-
linium enhancement, hypertrophy, and segmental myocardial mechanics 
in patients with hypertrophic cardiomyopathy. J Magn Reson Imaging. 
2019;49(3):668–77. https:// doi. org/ 10. 1002/ jmri. 26272.

 31. Hinojar R, Fernández-Golfín C, González-Gómez A, Rincón LM, Plaza-
Martin M, Casas E, et al. Prognostic implications of global myocardial 
mechanics in hypertrophic cardiomyopathy by cardiovascular magnetic 
resonance feature tracking. Relations to left ventricular hypertrophy and 
fibrosis. Int J Cardiol. 2017;249:467–72. https:// doi. org/ 10. 1016/j. ijcard. 
2017. 07. 087.

 32. Karamitsos TD, Arvanitaki A, Karvounis H, Neubauer S, Ferreira VM. Myo-
cardial tissue characterization and fibrosis by imaging. JACC Cardiovasc 
Imaging. 2020;13(5):1221–34. https:// doi. org/ 10. 1016/j. jcmg. 2019. 06. 030.

 33. Neubauer S, Kolm P, Ho CY, Kwong RY, Desai MY, Dolman SF, et al. Distinct 
subgroups in hypertrophic cardiomyopathy in the NHLBI HCM registry. J 
Am Coll Cardiol. 2019;74(19):2333–45. https:// doi. org/ 10. 1016/j. jacc. 2019. 
08. 1057.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1016/j.jcmg.2012.08.019
https://doi.org/10.1161/CIRCIMAGING.115.003285
https://doi.org/10.1161/CIRCIMAGING.115.003285
https://doi.org/10.1002/jmri.26272
https://doi.org/10.1016/j.ijcard.2017.07.087
https://doi.org/10.1016/j.ijcard.2017.07.087
https://doi.org/10.1016/j.jcmg.2019.06.030
https://doi.org/10.1016/j.jacc.2019.08.1057
https://doi.org/10.1016/j.jacc.2019.08.1057

	Diastolic dysfunction assessed by cardiac magnetic resonance imaging tissue tracking on normal-thickness wall segments in hypertrophic cardiomyopathy
	Abstract 
	Objectives 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Study population
	Image acquisition
	Image analysis
	Statistical analysis

	Results
	Differences in cardiac function
	Comparison of strain parameters and tissue characteristics
	Comparison of strain parameters among subgroups
	Correlation analysis
	Inter- and intra-observer agreements

	Discussion
	Conclusion
	Acknowledgements
	References


