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Abstract

Our study aimed to determine whether layer-specific strain (LSS) could reflect regional myocardial impairment in
patients with hypertrophic cardiomyopathy (HCM). The study enrolled 50 patients with HCM and 30 age-matched
healthy controls. Transmural gradient of longitudinal strain (TGLS), defined as the difference between the
longitudinal strain of the endocardium and epicardium in a left ventricular segment, was used to reflect layer-
specific myocardial impairment. Negative TGLS was consistently observed in healthy controls. The TGLS was
relatively consistent within the basal, middle, and apical levels in healthy controls,but showed a significant gradient
from the base towards the apex. In patients with HCM, the hypertrophic segments had significantly higher TGLS
than the relatively normal segments or healthy controls at all 3 levels (0.14 % + 3.48 % vs. —2.65 % + 4.44 % vs.
217 % + 1.66 % for basal, —0.72% + 3.71 % vs. —4.02 % =+ 4.00 % vs. —3.58 % =+ 2.29 % for middle, and — 8.69 % =+
7.96 % vs. —11.44 % + 6.65% vs. —10.04 % + 3.20 % for apex). Abnormal TGLS, defined as positive TGLS, in patients

with HCM was associated with chest pain. In receiver operating characteristic curve analysis, a large area of
abnormal TGLS (> 4 segments) had moderate accuracy for predicting chest pain (sensitivity, 73.3 %; specificity,
70.0 %). TGLS, a novel LSS derived parameter, may reflect regional myocardial impairment in patients with HCM.
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Key messages

Patients with hypertrophic cardiomyopathy (HCM)
could develop layer-specific myocardial impairment be-
cause of subendocardial microvascular dysfunction and
focal cardiac fibrosis, however, this phenomenon has not
received significant attention due to the lack of a feasible
examination method.

The hypertrophic left ventricular segments had signifi-
cantly higher TGLS, defined as the difference between
territorial longitudinal strain of the endocardium and
the epicardium, than the relatively normal segments of
HCM patients or healthy controls.
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Positive TGLS, which was consistently negative in
healthy controls, was associated with chest pain in HCM
patients, and may reflect endocardium-specific impair-
ment of regional heart function in patients with HCM.

Introduction

Two-dimensional (2-D) speckle-tracking echocardiog-
raphy is widely acknowledged as a sensitive method for
evaluating global and regional left ventricular (LV) func-
tion. The ventricular wall consists of 3 layers, namely,
the epicardium, mid-myocardium, and endocardium.
Conventionally, assessment of the ventricular wall has
not taken into account the different layers of the myo-
cardium but has considered them as a single functional
unit. This simplification generally works well. However,
in patients with hypertrophic cardiomyopathy (HCM),
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this could be problematic. Previous studies have demon-
strated that patients with HCM could develop subendo-
cardial microvascular dysfunction [1] and focal cardiac
fibrosis [2, 3]. These abnormalities could potentially lead
to layer-specific myocardial impairment. However, the
possibility of layer-specific myocardial impairment has
not received significant attention due to the lack of a
feasible examination method.

Improvements in the temporal and spatial reso-
lution of 2-D echocardiography and strain analysis
software have enabled layer-specific strain (LSS) ana-
lysis [4]. Several recent studies have reported predom-
inant endocardial strain impairment in patients with
subendocardial ischemia, proving the concept that
LSS analysis could accurately reflect layer-specific
myocardial impairment [5-8]. In the present study,
we aimed to elucidate whether LSS could reflect
layer-specific myocardial impairment in patients with
HCM.

Materials and Methods

Study subjects

This study prospectively recruited 67 consecutive pa-
tients with HCM according to the definition of the
European Society of Cardiology Guidelines on diagno-
sis and management of HCM [9] at West China Hos-
pital between March 2016 and January 2018. Patients
with poor acoustic window (5 patients), LV ejection
fraction (LVEF)<50% (1 patient), history of septal
myectomy (4 patients), atrial fibrillation (1 patient),
obstructive coronary artery diseases (>50% stenosis
on either coronary angiography or computed tomog-
raphy angiography, 3 patients) or valvular disease (3
patients) were excluded. Ultimately, 50 patients (mean
age, 51.2+14.1 years; 50% women) were enrolled.
Thirty age-matched healthy controls with good acous-
tic windows were also recruited.

Echocardiography

All echocardiographic data assessments and image ac-
quisitions were performed by an experienced sonogra-
pher by using an E9 ultrasonography system (GE
Healthcare, Horten, Norway). Routine 2D images were
acquired at a frame rate of 40-80 fps. LVEF was
measured using the Simpson biplane method. The
mitral E/e’— the ratio of mitral inflow early diastolic
velocity (E) to the septal mitral annular spectral tissue
Doppler early diastolic velocity (e) — was also ob-
tained in the apical 4-chamber view. Other parame-
ters, such as maximum wall thickness, LV outflow
tract gradient, and the phenomenon of systolic anter-
ior motion, were also evaluated in accordance with
the recommendations of the American Society of
Echocardiography [10].
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The 18-segment model, including posterior (basal,
mid, and apical), anteroseptal (basal, mid, and apical),
septal (basal, mid, and apical), lateral (basal, mid, and
apical), inferior (basal, mid, and apical), and anterior
(basal, mid, and apical) segments, was used in the
segmental analysis. The LV segmental thickness in pa-
tients with HCM was measured to identify the hyper-
trophic (>12 mm) and normal (<12 mm) segments,
and dynamic images were observed. Three consecu-
tive measurements were conducted to find the aver-
age value. Images in the apical 4-, 2-, and 3-chamber
views from 3 consecutive cycles were stored digitally
and analyzed offline.

LV peak systolic longitudinal strain analyses

The 2-D multilayer global strain in the LV myocar-
dium was analyzed using ECHOPAC version 201 soft-
ware (GE Healthcare). Aortic valve closing was
automatically confirmed by software combined with
manual adjustment. The border of the endocardium
and the width of the target myocardium were manu-
ally traced and adjusted. The poorly traced segments
(a total of 14 segments, mostly at the apical levels, of
the 50 HCM patients) were also excluded. The soft-
ware automatically calculated segmental strain of the
endocardial, middle, and epicardial myocardial layers
(Figs. 1 and 2). The 2-D LV global longitudinal strain
was measured from 3 apical views (apical 3-, 2-, and
4-chamber views). The transmural gradient of longitu-
dinal strain (TGLS), a novel parameter defined as the
difference between the territorial longitudinal strains
of the endocardium and epicardium, was used to re-
flect endocardium-specific impairment.

Patients’ follow-up

Patients were followed up for up to 6 months.
Complete clinical follow-up was performed at 6
months, online or phone follow-up was performed at 1
and 3 months. Physicians were free to decide the man-
agement strategy during the follow-up period. During
the follow-up, 28 HCM patients received adjustment of
drug regimens including adding or up-titration of beta
blockers (22 patients), adding or up-titration of non-
dihydropyridine calcium channel blockers (3 patients)
and other changes in regimens (3 patients). Both pa-
tients and healthy controls received another echocardi-
ography examination at the end of the follow-up, or
before any invasive treatment if invasive strategies in-
cluding open surgery, septal alcohol ablation or pace-
maker implantation were planned.

Reproducibility of the TGLS-derived parameter
The intra-observer and inter-observer reproducibility of
TGLS was measured successively in 10 randomly
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Fig. 1 Representative images of two-dimensional (2-D) left ventricular (LV) global layer-specific strain (LSS) analysis in a patient with hypertrophic
cardiomyopathy (HCM) from apical 4-chamber views. The 2-D LV global LSS was also measured from apical 2- and 3-chamber views. The analyses
were performed using Echo PAC version 201. The quantitative strain measurements of the endocardial (a), middle (b) and epicardial myocardial

layers (c) were automatically calculated after the region of interest was manually traced and adjusted

selected patients with HCM. To test the intra-observer
variability, a single observer analyzed the data twice on
separate occasions at an interval of 1 month. To test the
inter-observer variability, a second observer who was
blinded to the first observer’s measurements analyzed
the same data.

Statistical analyses

All statistical analyses were conducted using SPSS ver-
sion 19.0 (IBM Corporation, Armonk, NY, USA). The
Shapiro-Wilk test was used to estimate the normality of
the distributions of continuous data. Continuous
variables with normal distributions are presented as
mean * standard deviation, whereas those with skewed

distributions are expressed as median (interquartile
range). Baseline characteristics were compared between
the HCM and control groups using independent-
samples ¢ tests or the Wilcoxon test. Categorical vari-
ables were described as counts and percentages, and
were compared using the Pearson chi-square test. Com-
parisons between the different segments, the 3 segmental
levels in the controls, and the different subgroups were
performed using analysis of variance. Multivariate or-
dinal logistic regression was used to assess association of
different parameters with the grade of severity of abnor-
mal TGLS segments. A receiver operating characteristic
(ROC) curve was constructed for the completed model,
and a probability threshold was selected for the

Peak Systolic Strain (Mid)

Fig. 2 Representative bull's-eye map of a patient with hypertrophic cardiomyopathy. A multilayer bull's-eye map, showing the epicardial (a),
middle (b), and endocardial myocardial layers (c), was automatically generated after the layer-specific strain was measured in 3 apical views
(apical 4-, 2-, and 3-chamber views). An 18-segment model was used in the segmental analysis

Peak Systolic Strain (Endo)
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likelihood of predicting chest pain based on the number
of segments with abnormal TGLS. The resulting
sensitivity and specificity were also estimated. The intra-
observer and inter-observer variability values were ana-
lyzed using Bland-Altman bias plots, and by intraclass
correlation coefficients (ICC). All tests were 2-sided, and
p < 0.05 was considered significant.

Results
Study populations

The baseline characteristics and clinical findings of the
study participants are listed in Table 1. Most of the

Table 1 Baseline characteristics of the study population

Page 4 of 12

HCM patients had septal hypertrophy. The LV mass
index was 109.5 +35.7 g/m” in HCM group and 68.5 +
10.4 g/m* in the control group. 64% of the HCM
patients had left ventricular outflow tract (LVOT)
obstruction, with a mean resting gradient of 56 mmHg.

Echocardiographic findings

The layer specific longitudinal strain of healthy
volunteers and HCM patients were listed in Table 2. In
general, the longitudinal strain of endocardium, mid-
myocardium and epicardium were lower in the HCM
patients than in the healthy controls. In the healthy

Variables HCM (n=50) Control (n=30) p value
Age, y 51.2+£14.1 493+108 0.968
Female, n (%) 25 (50.0) 14 (46.7) 0407
Asymmetric septal hypertrophy 48 (96 %) / /
Apical hypertrophy 2 (4%) / /
LVOT obstruction 32 (64 %) / /
Systolic blood pressure, mmHg 1203+£152 1194+£169 0.561
Diastolic blood pressure, mmHg 728+ 109 717+115 0.838
Heart rate, bpm 729+113 769+ 104 0.086
Body surface area, m? 169+ 0.20 1.63+0.31 0.989
Body mass index, kg/ m? 248+3.1 235+43 0.893
Hemoglobin, g/L 1355+174 1339+ 190 0.865
NT-pro BNP, pg/ml 1059.0 (515.0—2575.0) / /
hs-cTnT, ng/L 224 (134—45.8) / /
Creatinine, umol/L 741 +17.7 724+186 0.869
B-blocker, n (%) 38 (76) / /

LA diameter, mm 438 +65 313+47 0.013
LA volume index, ml/ m? 346+128 257 7.1 <0.001
E/e’ 21.6£80 136117 0.008
Maximum wall thickness, mm 21.5 (19.8—25.0) 91+18 <0.001
LV mass index, g/m? 1095+357 685+ 104 <0001
Resting LVOT gradient, mmHg 56.0 (9.0—82.0) 78+16 <0.001
Systolic anterior motion, n (%) 29 (58) / /
Pulmonary artery, mm 22 (21—25) 208+23 0.003
PASP, mmHg® 33 (26—40) (n=23) / /
Cardiac output, L/min 6.57+240 556+1.72 0.022
LVEF, % 72.7 6.1 643 +64 0.084
Chest pain, n (%) 24 (48) / /
Heart failure, n (%) 41 (82) / /

NT-pro BNP: N-terminal propeptide of B-type natriuretic peptide; hs-cTnT: high-sensitive cardiac troponin T; LA: left atrial; LVOT: left ventricular outflow tract; E/e”:
ratio of early mitral inflow velocity (E) to early diastolic velocity at the septal mitral annulus (e'); PASP: pulmonary arterial systolic pressure; LVEF: left ventricular
ejection fraction. The reference values for NT-pro BNP, hs-cTnT, and creatinine are 0-88 pg/ml, 0-14 ng/ml, and 37-110 pmol/L respectively. *: The PASP was
estimated using maximal tricuspid regurgitation pressure gradient on the continuous-wave Doppler tracing by the modified Bernoulli equation with the addition
of right atrial pressure. Right atrial pressure was estimated at 3 mmHg if the inferior vena cava (IVC) was not dilated (< 2.1 cm) and there was a 50 % decrease in
the diameter during inspiration; it was estimated at 8 mmHg if the IVC was dilated with normal inspiratory collapse and at 15 mmHg if the IVC was dilated and

did not collapse with inspiration
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Table 2 Layer-specific strain (%) in healthy controls and HCM patients

Segments LSS in healthy controls GLS in LSS in HCM patients GLS in HCM
endo mid epi :22';:){5 endo mid epi patients

basAntSept  -18.56 + 3.99 -18.14 + 343 -1772 £ 322 -18.12 £ 345 -7.63 £ 505% -7.65 + 4.66* =771 £ 441 -7.66 + 4.63*
basSept -17.82 + 224 -17.74 £ 242 -1767 £ 2.83 -17.75 £ 240 -6.25 + 475% -761 £ 499* -8.99 + 529* -7.62 £ 4.89*
basinf -2002+£839  -1965+834  -1929+844  -1968+832  -1147+£730%  -1166+£595% -1139£518% -1151 £ 599%
basPost -2241 £ 402 -2159 + 371 -20.77 + 357 -21.56 + 3.68 -16.23 £ 9.19% -15.07 £ 809* -13.62 £7.32* -1497 + 803*
basLat -20.60 + 4.22 -1945 + 403 -1829 + 4.22 -1940 + 4.13 -15.50 + 8.22% -1363 £ 6.77%  -1161 £592* -1358 + 6.83*
basAnt -1824 +698  -1742+672  -1660+ 655  -1745+670  -1146 £ 690  -1009 £ 6.25% -859 +583*  -10.05 £ 6.25%
midAntSept  -23.28 + 5.24 -2136 + 444 -1945 + 3.80 -21.30 £ 448 -16.76 + 7.48* -14.26 £ 6.14*  -1222 £524%  -1441 £ 6.22*
midSept -22.29 + 390 -21.13 + 307 -19.98 + 3.08 -21.11 + 311 -10.37 £ 5.50* -1099 £ 490*  -1148 £ 460* -10.95 + 4.90*
midInf -2235+9.17 -21.04 + 874 -19.74 £ 843 -21.07 £ 878 -11.73 £ 557*% -1238 £ 461* 1284 £4.26% 1232 + 464
midPost -2441 £ 4.26 -2204 + 372 -19.67 + 342 -22.14 £ 3.70 -13.55 + 7.56* -1232 £ 630%  -1095 £ 547% 1227 £ 6.31*
midlLat -21.69 + 411 -19.69 + 383 -17.70 + 3.80 -19.65 + 3.88 -13.96 + 7.97* -11.55 £ 6.62* 933 £ 5.73% -11.61 £ 6.66*
midAnt -19.98 + 849 -1859 £ 7.83 -17.21 £ 723 -1854 £7.80 -1348 £ 7.01* -11.31 £ 6.08* 931 £ 545% -11.36 £ 6.10%
apAntSept -2892 + 7.05 -23.82 £ 552 -1873 + 447 -2380 £ 555 -2379£1396  -1638+£9.73* -11.57 +727*% -1725 £ 10.20*
apSept -30.07 £ 4.79 -24.98 + 4.26 -19.88 £ 3.94 -24.96 + 424 -2343 £ 1156 -17.04 £882* -1262+731* -17.70+£901*
aplnf -2722 £ 1452 2365+ 11.15 -17.83 £ 965 -2252 £1203 -2306+ 1122  -1641 £ 740% -11.99 £561* -17.15+785
apPost -2835+592 -2339 + 485 -1842 + 4.01 -2341 £ 480 -19.19 £ 1258%  -1349 £ 889* -945 + 6.87* -13.56 + 9.48*
aplat -2800 £ 606  -23.02+470 -1804 £374  -2312+461  -2031 £1131% -1384+£849% -949 +680*  -14.55 £ 8.70%
apAnt -2418 £ 1490 -1959 £ 1241 -1500 £ 1008 -19.57 + 126 -2215+£1228  -1495+879  -1007 £ 6.70* -1573 £ 9.11
Total -2324 £ 8.15 -2090 + 6.59 -1844 + 5.79 -20.84 £ 6.67 -1534 £1022%  -1272+£737%  -1073 £ 604* -1291 + 7.59*

LSS layer-specific strain; GLS global longitudinal strain; HCM hypertrophic cardiomyopathy; bas basal; ap apical; Post posterior; AntSept anteroseptal; Sept septal; Lat
lateral; Inf inferior; Ant anterior; endo endocardial; mid middle; epi epicardial. * p <;0.05 compared with healthy controls

volunteers, a negative TGLS (defined as the difference
between the territorial longitudinal strains of the endo-
cardium and epicardium) was observed in almost all seg-
ments. The normal range of TGLS greatly varied among
the different segments (Table 3). A significant TGLS
gradient from the base toward the apex was observed
(Fig. 3). However, the TGLS was relatively consistent
within the basal, middle, and apical levels. In patients
with HCM, LV segments were further divided into
hypertrophic segments (diastolic thickness of any part
within the segment>12mm) and non-hypertrophic
segments (maximum diastolic thickness of the entire
segment < 12mm). Among the segments, 55.5%,
49.8% and 10.1% were hypertrophic at the basal,
middle, and apical levels, respectively. The TGLS in
the non-hypertrophic segments of patients with HCM
was not different from that of healthy controls ac-
cording to level (Table 4; Fig. 4). However, the TGLS
in the hypertrophic segments was significantly higher
than that in the non-hypertrophic segments at almost
all levels.

Abnormal TGLS, defined as a positive TGLS, was ob-
served in 1.1 % (6 of 540) of the normal LV segments in

healthy controls. In patients with HCM, 11.3% (61 of
542) of the non-hypertrophic segments and 45.3 % (156
of 344) of the hypertrophic segments had abnormal
TGLS (Table 5.).

Associated with LV hypertrophy and LVOT obstruction
The association of different parameters with the se-
verity of abnormal TGLS segments (defined as the
number of abnormal TGLS segments) was assessed in
a multivariate ordinal logistic regression. The results
demonstrated that LV mass index positively correlated
with the severity of abnormal TGLS. In particular,
with the increase in LV mass index for every 1 g/m?
the OR of abnormal TGLS segments increased by
1.022 times (95%CL 1.002-1.043, p=0.032). The
presence of LVOT obstruction was also strongly cor-
related with the severity of abnormal TGLS (OR
5.823, 95 %CI: 1.045-32.464, p = 0.044). Other param-
eters including age, sex, body mass index, width of
pulmonary artery, and E/e’ were not significantly as-
sociated with the level of abnormal TGLS segments
(Table 6).
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Table 3 Transmural gradient of longitudinal strain (%) in
healthy controls and HCM patients

Segments TGLS in healthy controls  TGLS in HCM patients
Mean + SD 95% ClI Mean £ SD  95% CI
basAntSept -1.97 £149 -265t0-129 008+220 -0.68to 031
basSept -149+1.06  -197to-101 273 +265% 1.891to 359
basInf -2.16+181  -298t0-133 -008+393 -139t0 1.26
basPost -191£142 -256t0-127 -261 +441 -411to-1.17
basLat -2.82+203 -374t0-1.89 -390+410 -5311to0-2.64
basAnt -269+1.75  -3491t0-189 -287 £265 -3.7710-205
midAntSept -3.83+227 -486t0-280 -454+323 -569to-343
midSept -3.80+3.67 -547to-213 1.1 +258% 02210 193
midInf -3.38+1.79  -420to-257 1.1 £342*% -0.06to 234
midPost -473£211  -569t0-3.78 -2.60 +3.83* -410to -1.33
midLat -410£185 -495t0-326 -464+374 -58410-345
midAnt -330+2.10 -425t0-234 417 +288% -5181t0-3.16
apAntSept  -9.82+369  -1149to -8.14 -1222 + 762 -1536 to -9.54
apSept -10.19+£2.08 -11.14t0 -924 -1082 £ 643 -12.90 to -8.67
aplnf -10494341 -1209t0 -890 -11.06 +7.24 -13.69 to -8.46
apPost -993+287 -1123t0-862 -941+722 -12431t0-6.58
aplat -996+360 -1160to-832 -1082 +£6.14 -13.02 to -8.82
apAnt -990+3.64 -1160to-819 -1207 + 684 -14.57 to -9.84
Total -533+420 -576t0-491 -461+672 -518t0-4.12

TGLS transmural gradient of longitudinal strain; HCM hypertrophic
cardiomyopathy; SD standard deviation; C/ confidence interval; bas basal; ap
apical; Post posterior; AntSept anteroseptal; Sept septal; Lat lateral; Inf inferior;
Ant anterior. 'p < 0.05 compared with healthy controls

Association with symptoms

To further elucidate the clinical significance of abnormal
TGLS, patients with HCM were further divided into 2
groups according to symptom. Patients with chest pain
generally had more LV segments with abnormal TGLS
than those without chest pain (5.4+ 1.4 vs. 3.5+1.7, p=
0.001). In the ROC curve analysis, a large area of abnor-
mal TGLS (>4 segments) had moderate accuracy for
predicting chest pain (sensitivity, 73.3%; specificity,
70.0 %) (Fig. 5), while highly-sensitive cardiac troponin T
and LVOT gradient did not significantly predict chest
pain. Moreover, abnormal TGLS was not associated with
heart failure, which was defined as current heart failure
according to New York Heart Association class > I1I, and
elevated N-terminal propeptide of B-type natriuretic
peptide level.

TGLS reflect treatment effect

The changes in echocardiographic parameters during
follow-up was summarized in Table 7. The patients were
further divided into two groups according to whether
they received drug adjustment or not. In general, both
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conventional and strain derived parameters remained
similar in healthy controls and patients who did not re-
ceived drug adjustment. In patients who received adjust-
ment of drug regimens, there is a slight decrease in
LVOT pressure gradient, and decreased number of seg-
ments with abnormal TGLS.

Reproducibility of TGLS

As shown in Fig. 6, the intra-observer and inter-observer
reproducibility of TGLS analysis was relatively good.
The ICC for intra-observer and inter-observer analyses
were 0.996 and 0.973 respectively.

Discussion

The principal findings of this study were as follows: (1)
TGLS is a reproducible echocardiographic parameter. A
negative TGLS was consistently observed in healthy con-
trols. TGLS was significantly decreased from the base to-
ward the apex but was relatively consistent within the
basal, middle, and apical levels. (2) In patients with
HCM, the hypertrophic LV segments had significantly
higher TGLS than the relatively normal segments and
healthy controls. (3) The abnormal TGLS in patients
with HCM could be associated with subendocardial is-
chemia and LVOT pressure gradient.

Previous studies have demonstrated that strain im-
aging was helpful in diagnosis and prognosis prediction
in HCM patients [11, 12]. A significant difference be-
tween endocardial and epicardial strain has been re-
ported since LSS was developed [4, 13]. Theoretically,
strain imaging cannot distinguish the active contraction
of the local myocardium and the passive stretching of
adjacent layer. This could affect the sensitivity of strain
imaging technique for subendocardial dysfunction. In an
animal study, multi-layer strain imaging failed to show
significant advantage over conventional one-layer strain
imaging in detecting subendocardial ischemia [14]. How-
ever,the passive stretching effect was outweighed by ac-
tive contraction in HCM patients since the myocardium
was extremely thickened. Recently, Okada et al. [15] in-
vestigated HCM patients using LSS. They reported the
global longitudinal strain was impaired in patients with
HCM and the endocardium was more intensively af-
fected. Interestingly, in this study the transmural gradi-
ent of segmental strain had moderate correlation with
the segment wall thickness. A very recent large sample
echocardiography study also confirmed this correlation
[16]. In our study, we found that the transmural gradient
of global longitudinal strain was similar in healthy con-
trols and HCM patient. But TGLS was significantly
higher in the hypertrophic segments of HCM than in
segments with relatively normal thickness or healthy
controls.
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Fig. 3 In healthy volunteers, negative transmural gradient of longitudinal strain (TGLS) was observed in almost all segments. The normal range of
TGLS greatly varied among the segments. However, the TGLS was relatively consistent within the basal, middle, and apical levels. A significant
TGLS from the base toward the apex was observed. bas: basal; ap: apical; Post: posterior; AntSept: anteroseptal; Sept: septal; Lat: lateral; Inf: inferior;
Ant: anterior

Although changes in transmural gradient of strain was
observed in hypertrophic segments of HCM, its clinical
significance has not been clearly elucidated yet. Recent
echocardiography studies have reported that endocardial
function was more affected in patients with ischemia [5,
6]. A very recent study has further demonstrated that
subendocardial strain impairment was a sensitive param-
eter for early ischemia in dobutamine stressed echocar-
diography [17]. As a result, we hypothesized that

abnormal TGLS was caused by subendocardial ischemia
in the extremely hypertrophied myocardium. This hy-
pothesis was supported by the multivariate ordinal logis-
tic regression model demonstrating higher values of the
LV mass index significantly and positively increase the
likelihood of being in a higher level of abnormal TGLS
segments, and by the ROC curve analysis showing large
area of abnormal TGLS predicts the onset of chest pain
but not heart failure.

Table 4 TGLS of healthy controls and patients with HCM with normal or hypertrophic segments

Levels Healthy controls HCM patients HCM patients
normal segments hypertrophic segments

TGLS basal =217 %=+1.66 % —2.65 %=+4.44 % 0.14% + 348%™ P
(n=180) (n=133) (n=166)

TGLS mid —3.58 %+2.29 % —4.02 %=%4.00 % —0.72%+3.71 % ©
(n=180) (n=150) (n=149)

TGLS apex —10.04 %+3.20 % —11.44 %+6.65 % —8.69 %:+7.96 %°
(n=180) (n=259) (n=29)

TGLS transmural gradient of longitudinal strain; HCM hypertrophic cardiomyopathy. ®p < 0.001, compared with patients with HCM with normal segments. °p <
0.001, compared with healthy controls. “p < 0.01, compared with healthy controls; no significant difference was observed between the other two pairs.
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Fig. 4 The transmural gradient of longitudinal strain (TGLS) in the non-hypertrophic segments of patients with hypertrophic cardiomyopathy
(HCM) was not significantly different from that of healthy controls according to level. However, the TGLS in the hypertrophic segments was
significantly higher than that in the non-hypertrophic segments at almost all levels
A\

Furthermore, a recent study reported improvement of
subendocardial strain in patients with hypertrophic ob-
structive cardiomyopathy after alcohol septal ablation
[18], suggesting the abnormality in transmural strain
gradient may also be associated with the LVOT obstruc-
tion. In our study, nearly two thirds of the HCM patients
had significant LVOT obstruction. In a multivariate lo-
gistic regression, we found that the severity of abnormal
TGLS was associated with not only LV hypertrophy, but
also LVOT obstruction. During a 6-month follow-up,
56 % of the HCM patients receiving drug adjustment
aimed to lower the LVOT pressure gradient. In these pa-
tients, both significant drop in LVOT pressure gradient
and decrease in number of segments with abnormal
TGLS were observed at the end of the follow-up. Mean-
while, in patients who maintained their regimens, both
their LVOT pressure gradient and LSS parameters
remained stable during the follow-up. This indicated

that LVOT obstruction may contribute to the abnormal
subendocardial strain in HCM patients. Interestingly, in
two recent studies mainly including non-obstructive
HCM patients, the prevalence of positive transmural
gradient was very low [15, 16]. These evidences also sug-
gested the LVOT obstruction may contribute to the ab-
normal transmural strain gradient.

Another difficulty in interpreting the abnormal
transmural strain gradient was the lack of universal
measurement and normal reference value. Nagata et al.
[19] attempted to determine the normal reference value
of LSS in a relatively large number of healthy subjects.
In that study, a significant transmural gradient of
longitudinal strain from the endocardium toward the
epicardium was observed. Nagata et al. suggested an
endocardial strain to epicardial strain ratio to reflect this
transmural strain gradient. The endocardial strain to epi-
cardial strain ratio was a stable parameter in healthy

Table 5 Abnormal TGLS, defined as a positive TGLS, among healthy controls and patients with HCM with normal or hypertrophic

segments

Variables Healthy controls HCM patients HCM patients p value
normal segments hypertrophic segments

TGLS>0.0%, n 6 61 156 /

TGLS<0.0%, n 534 481 188 /

Ratio of > 0.0 % 1.1 % (6/540) 11.3% (61/542) 453 % (156/344) <0.001

TGLS transmural gradient of longitudinal strain; HCM hypertrophic cardiomyopathy. The chi-square test was performed for 2-group comparisons among the 3
groups. The p values obtained in all the tests were < 0.001. A p value of < 0.017 was assumed to be significant.
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Coefficient B SE P value Adjusted OR (95 %Cl)

Age 0.043 0.030 0.154 1.044 (0.984-1.107)
Sex/Male 0.174 0.712 0.807 1.190 (0.295-4.808)
BMI, kg/m? 0.064 0.124 0.605 1.066 (0.837-1.358)

PA, mm 0.116 0.106 0.275 1.123 (0.912-1.382)

LV mass index, g/m2 0.022 0.010 0.032 1.022 (1.002-1.043)
LVOTO 1.762 0.877 0.044 5.823 (1.045-32.464)
E/e’ 0.049 0.047 0.298 1.050 (0.958-1.151)

BMI body mass index; Cl confidence interval; E/e’ ratio of early mitral inflow velocity (E) to early diastolic velocity at the septal mitral annulus (e'); LV left
ventricular; LVOTO left ventricular outflow tract obstruction; OR odds ratio; PA pulmonary artery; SE standard error

subjects. However, in patients with abnormal LV de-
formation, the denominator could be near to zero, which
hampered the calculation. Under this circumstance, we
believe that the TGLS, defined as the absolute difference
in longitudinal strain between the endocardium and the
epicardium in a certain LV segment, could be a more re-
liable parameter for layer-specific LV dysfunction
(Fig. 7).

As for the normal reference value, we simply used
0.0% as the cutoff value for abnormal TGLS in the
present study. This cutoff value had relatively high

specificity. Healthy controls generally had a negative
TGLS. The false-positive rate of TGLS was only 1.1 % in
healthy controls. In HCM patients, positive TGLS was
found mainly in the hypertrophic segments. However, a
significant change of TGLS from the basal toward the
apical segments was observed in our study. This trend
was also observed by other investigators. In the study by
Nagata et al. [19], the average difference between the
endocardial and epicardial longitudinal strain was -
2.0% in the basal segments, -3.4 % in the middle seg-
ments, and — 11.4 % in the apical segments. As a result, a

ROC Curve ROC Curve
predicting chest pain predicting heart failure
A B
1.0 - ‘:Glf . 1.0
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—— Reference line /
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oA
0.8 — //
> 3
: Y,
= -Z /"
> 0.6 o=
- p—( m /
= =
@ %}
S 75
wn 0.4
0.2
0.0 —f T | T | T I I
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
1 - Specificity 1 - Specificity
Fig. 5 Abnormal transmural gradient of longitudinal strain (TGLS) was significantly associated with chest pain (AUC = 0.805, p =0.002), and a large
area of TGLS (>4 segments) had moderate accuracy for predicting chest pain (sensitivity, 73.3 %; specificity, 70.0 %) in the ROC curve analysis,
while hs-cTnT (AUC = 0479, p=0.843) and LVOT gradient (AUC = 0.564, p = 0.528) did not significantly predict chest pain in HCM patients (a).
Abnormal TGLS was not associated with heart failure (b). ROC: receiver operating characteristic; AUC: area under the curve. hs-cTnT: high-sensitive
cardiac troponin T; LVOT: left ventricular outflow tract
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Table 7 TGLS in healthy controls and patients with or without drug adjustment

Healthy controls (n=30)

Patients without drug
adjustment (n =22)

Patients received drug
adjustment (n =28)

Baseline echo

LVEF, % 643+64 656+5.7
Resting LVOT gradient, mmHg 78+16 70+2.1
Global LS, % -203+684  -226+549
TGLS basal, % -217+166 -258+103
TGLS mid, % —358+229 -327+288
TGLS apex, % -1054+320 —-11.10£4.21
Number of segments with abnormal TGLS 6 8

Follow-up echo

Baseline echo  Follow-up echo Baseline echo Follow-up echo

708 +6.1 69.6+7.3 727+54 737 %65

18.2 (6.1—30.3) 18.0 (6.0—30.0) 70.0 (47.0—90.0) 40.0 (17.0—68.0) *
-123+787 -123+£879 -13.7+£10.10 -14.7 £9.70
-1.22+2.10 -1.19+£270 -1.01+£214 -1.71 £2.98*
-3.28 +248 -2.98 £ 239 -2.72+250 -3.31 £ 2.64%
-99+399 -95+375 -98+4.11 -10.21+£3.79

72 79 145 84xx*

LVEF left ventricular ejection fraction; LVOT left ventricular outflow tract; LS longitudinal strain; TGLS transmural gradient of longitudinal strain. *, **, ***: p < 0.05,

0.01, 0.001, compared with baseline data in patients received drug adjustment

level-specific cutoff value might increase the sensitivity.
Future studies with larger sample size to determine the
individualized TGLS cutoff value for the basal, middle,
and apical levels, respectively, would be necessary. This
is particularly important for the apical segments, where
the normal range of TGLS was significantly lower than
in the basal and middle segments. However, in our
study, only a small proportion of HCM patients had ap-
ical hypertrophy. Furthermore, the relatively poor im-
aging quality of the apex also hampered accurate strain
calculation. Thus, we observed a very wide confidence
interval for apical TGLS in HCM patients. Future studies
involving more patients with apical HCM might help de-
termine the cutoff value for abnormal TGLS in the ap-
ical segments.

Study limitation

This study has several limitations. Firstly, the major limi-
tation of the present study is the relatively small sample
size. Secondly, the possibility that some patients with
HCM might also have coronary artery disease but was
not totally excluded. Most of the study subjects under-
went coronary angiography or coronary computed tom-
ography to rule out potential coronary artery disease.
However, in some young and asymptomatic patients, it
is unethical to perform invasive coronary angiography or
coronary computed tomography. Thirdly, TGLS may be
also affected by the presence of microvascular dysfunc-
tion in HCM patients. Thus, comparison of echocardiog-
raphy derived strain with more sensitive perfusion
techniques, such as nuclear imaging and CMR, could
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ratio of endocardial strain and epicardial strain because the epicardial strain was near to zero (-0.02 %)

provide more information. However, only a small por-
tion of our patients received CMR or nuclide myocardial
imaging. Thus, comparison of these techniques was not
possible in this article. Further studies will be helpful to
elucidate the mechanism underlying the layer specific
impairment of myocardial strain.

Conclusions

A novel LSS-derived parameter named TGLS, defined as
the difference between the territorial longitudinal strains
of the endocardium and epicardium, could reflect the
endocardium-specific impairment of regional heart func-
tion in patients with HCM.

Acknowledgements
The authors would like to thank Editage for assistance with language editing.

Authors’ contributions

Zhongxiu Chen enrolled patients, directed the researches, carried out
statistical analysis, and wrote the manuscript. Chunmei Li, Yajiao Li, Xiaoling
Zhang, and Li Rao acquired and analyzed echocardiographic images. Dan
Long followed up patients and collected data. Chen Li conceived, instructed,
reviewed, and revised the manuscript. All authors read and approved the
final manuscript.

Funding

This study was funded by grants from Key Research & Development project
of Sichuan Province (grant number 2018520018 and 2020YFS0244). The
funders had no role in study design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Availability of data and materials
The regarding raw data and material of this manuscript can be available
through the corresponding author by 69,825,160@qq.com if required.

Ethics approval and Consent to participate

The study protocol was approved by the ethics committee of the West
China Hospital of Sichuan University (Sichuan, China). Written informed
consent was obtained from all participants.

Consent for publication
Not applicable.

Competing interests
None.

Author details

'Department of Cardiology, West China Hospital of Sichuan University, 37
Guo Xue Xiang, 610041 Chengdu, Sichuan, China. 2Key Laboratory of
Transplant Engineering and Immunology, West China Hospital of Sichuan
University, High-tech Zone, Chengdu, Sichuan, China.

Received: 23 September 2020 Accepted: 10 February 2021
Published online: 03 March 2021

References

1. Petersen SE, Jerosch-Herold M, Hudsmith LE, et al. Evidence for
microvascular dysfunction in hypertrophic cardiomyopathy: new insights
from multiparametric magnetic resonance imaging. Circulation. 2007;115:
2418-25.

2. Galati G, Leone O, Pasquale F, et al. Histological and Histometric
Characterization of Myocardial Fibrosis in End-Stage Hypertrophic
Cardiomyopathy: A Clinical-Pathological Study of 30 Explanted Hearts. Circ
Heart Fail. 2016;9:¢003090.

3. lles LM, Ellims AH, Llewellyn H, et al. Histological validation of cardiac
magnetic resonance analysis of regional and diffuse interstitial myocardial
fibrosis. Eur Heart J Cardiovasc Imaging. 2015;16:14-22.

4. Adamu U, Schmitz F, Becker M, Kelm M, Hoffmann R. Advanced speckle
tracking echocardiography allowing a three-myocardial layer-specific
analysis of deformation parameters. Eur J Echocardiogr. 2009;10:303-8.

5. Sarvari SI, Haugaa KH, Zahid W, et al. Layer-specific quantification of
myocardial deformation by strain echocardiography may reveal significant
CAD in patients with non-ST-segment elevation acute coronary syndrome.
JACC Cardiovasc Imaging. 2013;6:535-44.

6. Zhang L, Wu WC, Ma H, Wang H. Usefulness of layer-specific strain for
identifying complex CAD and predicting the severity of coronary lesions in
patients with non-ST-segment elevation acute coronary syndrome:
Compared with Syntax score. Int J Cardiol. 2016;223:1045-52.

7. Park JH, Woo JS, Ju S, et al. Layer-specific analysis of dobutamine stress
echocardiography for the evaluation of coronary artery disease. Medicine.
2016,95:24549.

8. Yu W, Li SN, Chan GC, Ha SY, Wong SJ, Cheung YF. Transmural strain and
rotation gradient in survivors of childhood cancers. Eur Heart J Cardiovasc
Imaging. 2013;14:175-82.




Chen et al. Cardiovascular Ultrasound

(2021) 19:15

Authors/Task Force members. Elliott PM, Anastasakis A, 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: 2733-79.

Lang RM, Badano LP, Mor-Avi V, et al. Recommendations for cardiac
chamber quantification by echocardiography in adults: an update from the
American Society of Echocardiography and the European Association of
Cardiovascular Imaging. J Am Soc Echocardiogr. 2015;28:1-39.

Haland TF, Saberniak J, Leren IS, Edvardsen T, Haugaa KH.
Echocardiographic comparison between left ventricular non-compaction
and hypertrophic cardiomyopathy. Int J Cardiol. 2017,228:900-5.
Tower-Rader A, Mohananey D, To A, Lever HM, Popovic ZB, Desai MY.
Prognostic Value of Global Longitudinal Strain in Hypertrophic
Cardiomyopathy: A Systematic Review of Existing Literature. JACC
Cardiovasc Imaging. 2019;12:1930-42.

Hashimoto |, Li X, Hejmadi Bhat A, Jones M, Zetts AD, Sahn DJ. Myocardial
strain rate is a superior method for evaluation of left ventricular
subendocardial function compared with tissue Doppler imaging. J Am Coll
Cardiol. 2003;42:1574-83.

Moen CA, Salminen PR, Dahle GO, Hjertaas JJ, Grong K, Matre K. Multi-layer
radial systolic strain vs. one-layer strain for confirming reperfusion from a
significant non-occlusive coronary stenosis. Eur Heart J Cardiovasc Imaging.
2013;14:24-37.

Okada K, Yamada S, lwano H, et al. Myocardial shortening in 3 orthogonal
directions and its transmural variation in patients with nonobstructive
hypertrophic cardiomyopathy. Circ J. 2015;79:2471-9.

Huang MS, Lee WH, Tsai HR, Liu YW, Liu PY, Tsai WC. Value of layer-specific
strain distribution patterns in hypertrophied myocardium from different
etiologies. Int J Cardiol. 2019,281:69-75.

Dessalvi CC, Deidda M, Farci S, Longu G, Mercuro G. Early ischemia
identification employing 2D speckle tracking selective layers analysis during
dobutamine stress echocardiography. Echocardiography. 2019,36:2202-8.
Zhang J, Zhu L, Jiang X, Hu Z. Layer-specific strain analysis of left ventricular
myocardium after alcohol septal ablation for hypertrophic obstructive
cardiomyopathy. Medicine. 2018;97:¢13083.

Nagata Y, Wu VC, Otsuiji Y, Takeuchi M. Normal range of myocardial layer-
specific strain using two-dimensional speckle tracking echocardiography.
PLoS One. 2017;12:¢0180584.

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

Page 12 of 12

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

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

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

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Key messages
	Introduction
	Materials and Methods
	Study subjects
	Echocardiography
	LV peak systolic longitudinal strain analyses
	Patients’ follow‐up
	Reproducibility of the TGLS-derived parameter
	Statistical analyses

	Results
	Study populations
	Echocardiographic findings
	Associated with LV hypertrophy and LVOT obstruction
	Association with symptoms
	TGLS reflect treatment effect
	Reproducibility of TGLS

	Discussion
	Study limitation

	Conclusions
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and Consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

