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Abstract: This study investigated left ventricular (LV) systolic dys-

function associated with differential strain among myocardial layers in

primary hypertension (PH) patients with or without LV hypertrophy

(LVH), and normal patients.

In 63 PH and 42 healthy patients, two-dimensional speckle tracking

echocardiography was used to measure the peak systolic longitudinal

and circumferential strain of the myocardial subendocardial, middle and

subepicardial layers, and the peak systolic radial strain. To assess LV

systolic function, the apical long axis, 4- and 2-chamber views, and

parasternal short axis at the basal, middle, and apical levels were

acquired by cardiovascular ultrasound (Vivid E9, GE Healthcare, USA).

Overall, the pattern in peak systolic longitudinal strain among

myocardial layers was subendocardial>middle> subepicardial. In

the peak systolic circumferential strain, this was mid-

dle> subepicardial> subendocardial. The peak systolic longitudinal

strain was normal>NLVH>LVH. Among the groups, the peak sys-

tolic circumferential strain at the basal parasternal short-axis level was

statistically similar, but at the middle and the apical parasternal short-

axis levels were NLVH> normal>LVH. In normal and NLVH

patients, the peak radial strain was middle> apical> basal, and in

LVH patients was apical>middle> basal. The peak averages of the

longitudinal and subendocardial circumferential strains differed signifi-

cantly when LVH compared with NLVH and normal patients.

The systolic function of PH patients was damaged in comparison

with normal individuals, which could be detected conveniently and

accurately using two-dimensional speckle tracking echocardiography.

(Medicine 95(2):e2440)

Abbreviations: CS = The peak systolic circumferential strain,

LS = The peak systolic longitudinal strain, LVH = left ventricular

hypertrophy, LV = left ventricular or left ventricle, NLVH = non-

left ventricular hypertrophy, PH = primary hypertension, RS = The
hD, Yi-Fei Rui, MD ,
ng-Liang Chen, MD

INTRODUCTION

P rimary hypertension (PH) is a very common cardiac disease.
In recent years, the incidence of PH and its associated

mortality have increased annually. High blood pressure
damages the compliance of the heart, and detrimentally affects
left ventricular (LV) diastolic function.1,2 Primary hypertension
also, however, damages systolic function.

To investigate cardiac systolic function in terms of velocity
and strain, one of the most used echocardiography methods is
tissue Doppler echocardiography.3,4 Its dependence on angle,
however, makes for poor reproducibility of the results.5 Two-
dimensional speckle tracking echocardiography (two-dimen-
sional STE) is angle independent and delivers standard two-
dimensional ultrasound images that track the movement of
natural acoustic markers frame-by-frame. This enables the
accurate measurement of velocity, strain, strain rate, rotation
degrees, and torsion.6–9 Presently, there is a paucity of research
in the literature regarding peak systolic longitudinal strain and
circumferential strain of the subendocardial, middle, and sub-
epicardial myocardial layers, or the peak systolic radial strain in
PH patients.10 For these problems, two-dimensional STE could
be useful.

Therefore, for this study, we used two-dimensional STE to
compare PH patients, with or without LV wall hypertrophy
(LVH), and normal healthy individuals to clarify the peak radial
strain and peak systolic longitudinal strain and peak circumfer-
ential strain of the subendocardial, middle, and subepicardial
myocardial layers. With these data, we evaluated the systolic
function of these 3 groups.

METHODS
The Human Subjects Committee of Changzhou No. 2

People’s Hospital approved this study. Recruitment to the
study followed a full explanation of our methods including
the fact that there was no risk of harm. Verbal consent
was accepted.

Study Sample
A total of 63 PH patients and 42 normal patients were

chosen for this research. All the PH patients met the criteria for
PH of the World Health Organization and International Society
of Hypertension.11

According to LV mass index,12 all the PH patients were
divided into 2 groups. With a LV mass index >125 g/m2 in men
and a LV mass index >110 g/m2 in women were considered to
have LVH (n¼ 28).12 The PH patients without LVH were
considered as NLVH (n¼ 35).
ts had no evidence of hypertension and
s. All of the physical examination tests,
echocardiography were normal.13
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TABLE 1. The Basic Information From Conventional Two-dimensional Doppler Echocardiography (Mean� SD)

Normal NLVH LVH P Value

Age 50� 15 55� 13 54� 12 0.145
HR, bpm 72� 11 75� 13 74� 12 0.555
LAD, mm 35� 3

�,y 38� 4z 37� 5 0.000
IVSD, mm 9.14� 0.98

�,y 10.09� 0.82z 11.96� 1.20 0.000
LVPWD, mm 9.00� 1.10

�,y 9.77� 0.73z 11.71� 0.81 0.000
LVEDV, mL 80� 12 81� 18 87� 16 0.167
LVESV, mL 29� 7 29� 11 32� 9 0.271
LVEF, % 65� 5 65� 6 64� 6 0.676
E, m/s 0.83� 0.15 0.83� 0.17 0.75� 0.19 0.074
A, m/s 0.68� 0.18

�,y 0.86� 0.23 0.84� 0.19 0.000
E/A 1.29� 0.39

�,y 1.04� 0.33 0.91� 0.24 0.000

A¼The peak velocity during late diastole of anterior mitral leaflet, E¼ the peak velocity during early diastole of anterior mitral leaflet, HR¼ heart
rate, IVSD¼ interventricular septal thickness in end-diastolic period, LAD¼ left atrial diameter, LVEDV¼ left ventricular end-diastolic volume,
LVEF¼ left ventricular ejection fraction, LVESV¼ left ventricular end-systolic volume, LVH¼ left ventricular hypertrophy, LVPWD¼ left
ventricular posterior wall thickness in end-diastolic period.

When NLVH compared with normal.�
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Conventional Two-dimensional Doppler
Echocardiography

The 63 PH patients and 42 normal patients all had con-
ventional two-dimensional Doppler echocardiography (Vivid
E9, GE Healthcare, USA). The following were measured in the
parasternal long-axis view of the LV by M-mode: left atrial
diameter, thickness of the interventricular septum at end dia-
stole, and thickness of the posterior LV wall at end diastole.

Simpson biplane method was used to measure the LV
ejection fraction. The peak filling velocities during early (E)
and late (A) diastole of the anterior mitral valve were measured

P< 0.05; when LVH compared with normal.
yP< 0.05; and NLVH compared with LVH.
zP< 0.05.
by pulsed-wave Doppler, and the E/A ratio was calculated.
Electrocardiography leads were connected to each indi-

vidual in all groups. All individuals were instructed to hold their

TABLE 2. Comparison of the Peak Systolic Longitudinal Strain
Myocardial (%) (Mean� SD)

LS Normal

A3C Endo �24.48� 4.11 �
Mid �20.77� 3.51 �
Epi �17.66� 3.14 �

A4C Endo �23.88� 3.68
� �

Mid �20.63� 3.29
� �

Epi �17.93� 3.04
� �

A2C Endo �24.56� 3.45
� �

Mid �21.41� 3.02
� �

Epi �18.93� 2.80
� �

Avg Endo �24.32� 3.22
� �

Mid �20.97� 2.78
� �

Epi �18.17� 2.49
� �

A2C¼ apical 2-chamber view, A3C¼ apical long-axis view, A4C¼ apica
Endo¼ subendocardial myocardial, Epi¼ subepicardial myocardial, LS¼ th
ventricular hypertrophy.

When LVH compared with normal.�
P< 0.05; and NLVH compared with LVH.
yP< 0.05.
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breath. For offline analysis, the following were acquired: stan-
dard high frame rate at the apical long axis, 4- and 2-chamber
views, and parasternal short axis at the basal, middle, and apical
levels of 3 consecutive cardiac cycles.

Data Analysis for Left Ventricular Strain
After acquired the apical long axis, 4- and 2-chamber

views, parasternal short axis at the basal, middle, and apical
levels of three consecutive cardiac cycles, the different views
were analyzed using two-dimensional STE software (2D-Strain,
EchoPac PC v.7.x.x, GE Healthcare, Horten, Norway). Used the

button apical long axis, apical 4 chamber, apical 2 chamber,
short axis at the mitral valve level, short axis at the papillary
level, and short axis at the apical level to sketched the

of the Subendocardial, the Middle and the Subepicardial

NLVH LVH P Value

24.09� 4.28 �22.80� 5.55 0.316
20.22� 3.49 �19.33� 3.30 0.239
17.05� 2.97 �16.00� 3.06 0.088
24.30� 3.77y �21.95� 3.87 0.038
20.76� 3.47y �18.40� 3.53 0.012
17.82� 3.24y �15.46� 3.32 0.04
24.33� 4.12y �22.18� 3.60 0.024
21.09� 3.65y �18.94� 3.07 0.006
18.38� 3.36y �15.91� 3.30 0.000
24.47� 3.08y �22.52� 3.43 0.036
20.90� 2.77y �18.89� 2.99 0.006
17.90� 2.58y �15.91� 2.70 0.001

l 4-chamber view, Avg¼ the average value of the (A4CþA3CþA2C),
e peak systolic longitudinal strain, Mid¼middle myocardial, LVH¼ left
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FIGURE 1. A, The average of the peak longitudinal systolic strain of the subendocardial, the middle and the subepicardial among the
normal subjects, NLVH and LVH patients. B, The average of the peak circumferential systolic strain of the subendocardial, the middle and

nts
entr
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subendocardial, respectively, and confirmed the aortic valve
closure time in the apical long axis view, then the software
would create a region of interest automatically, which con-
tained subendocardial, middle, and subepicardial, then
adjusted the region of interest to make the myocardial
included well. Upon delineating the region of interest, the

the subepicardial among the normal subjects, NLVH and LVH patie
among the normal subjects, NLVH and LVH patients. LVH¼ left v
software was used to divide the LV into 6 segments. Then the
peak systolic longitudinal strain, circumferential strain of
the subendocardial, middle, and subepicardial myocardial

FIGURE 2. A, The average of the peak systolic longitudinal strain in the
middle, and the subepicardial. B, The average of the peak systolic circu
the subendocardial, the middle, and the subepicardial. LVH¼ left ven

Copyright # 2016 Wolters Kluwer Health, Inc. All rights reserved.
layers, and the peak systolic radial strain of the LV were
calculated.14

Statistical Analysis
All of the analyses were conducted using SPSS 17.0

software (SPSS, Chicago, IL). Differences among the PH

. C, The peak radial systolic strain of the basal, middle, and apical
icular hypertrophy, NLVH¼non-left ventricular hypertrophy.
patients (LVH and NLVH) and normal patients were compared
with 1-way analysis of variance. Comparisons of 2 samples
were made using the Student–Newman–Keuls test. Data are

normal subjects, NLVH and LVH patients of the subendocardial, the
mferential strain in the normal subjects, NLVH and LVH patients of
tricular hypertrophy, NLVH¼non-left ventricular hypertrophy.
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TABLE 3. Comparison of the Peak Systolic Circumferential Strain of the Subendocardial, the Middle and the Subepicardial
Myocardial (%) (Mean� SD)

CS Normal NLVH LVH P Value

Basal Endo �10.02� 3.13 �9.29� 3.27 �8.36� 2.65 0.122
Mid �23.10� 5.91 �21.37� 7.04 �22.94� 6.29 0.477
Epi �15.08� 4.11 �13.60� 4.40 �14.13� 3.91 0.313

Middle Endo �8.93� 2.98 �9.16� 4.55 �8.24� 2.83 0.593
Mid �27.76� 5.34 �30.05� 7.60 �27.84� 5.52 0.227
Epi �16.58� 3.56 �17.94� 4.22 �16.11� 3.42 0.134

Apical Endo �9.50� 3.36 �10.80� 4.63 �8.52� 3.43 0.077
Mid �30.91� 4.70 �33.29� 6.69 �31.44� 8.27 0.258
Epi �18.10� 3.29 �19.94� 4.44 �17.53� 5.04 0.059

Avg Endo �9.32� 2.50
� �9.66� 2.89y �8.05� 2.20 0.048

Mid �26.89� 4.32 �28.04� 5.54 �26.42� 5.61 0.428
Epi �16.35� 3.11 �17.04� 3.65 �15.34� 3.43 0.159

Apex¼ parasternal short axis at the apical level, Avg¼ the average value of the (basalþmiddleþ apical). Basal¼ parasternal short axis at the basal
level, CS¼ the peak systolic circumferential strain, Endo¼ subendocardial myocardial, Mid¼middle myocardial. Epi¼ subepicardial myocardial,
Middle¼ parasternal short axis at the middle level, LVH¼ left ventricular hypertrophy, NLVH¼ non-left ventricular hypertrophy.

When LVH compared with normal.�
P< 0.05; and NLVH compared with LVH.
yP< 0.05.

TABLE 4. Comparison of the Peak Radial Strain of the Subendocardial, the Middle, and the Subepicardial Myocardial (%)
(Mean� SD)

RS Normal NLVH LVH P Value

Basal 28.50� 13.95 30.15� 20.21 29.54� 13.98 0.905
Middle 54.25� 19.68 53.50� 27.99 45.62� 15.97 0.259

� 2

hy,
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Apical 43.08� 18.91 45.47

RS¼ the peak systolic radial strain, LVH¼ left ventricular hypertrop
patients, all of the average peak systolic longitudinal strain in
the subendocardial, middle, and subepicardial had significant
difference.
presented as the mean� standard deviation. In all tests, a
difference was considered statistically significant at P< 0.05.

RESULTS
There were significant differences in the left atrial

diameter, thickness of the interventricular septum at end
diastole, thickness of the posterior left ventricular wall at
end diastole, A, and E/A among the PH (NLVH or LVH),
and normal groups (P< 0.05; Table 1). The pattern in
normal patients, NLVH, and LVH patients in left atrial
diameter, thickness of the interventricular septum at end
diastole, thickness of the posterior left ventricular wall at
end diastole were: LVH>NLVH> normal patients. The A
value was minimum and the E/A was maximal in normal
group. There were no differences in E, or LV end-diastolic
volume, end-systolic volume, or ejection fraction (P> 0.05;
Table 1).

In all the patients, the pattern of peak systolic longitudinal
strain of the myocardial layers was subendocar-
dial>middle> subepicardial (Table 2; Figures 1A and 2A).
The peak systolic longitudinal strain in the experimental groups
was normal patients>NLVH>LVH.
Between the normal and NLVH patients, there was no
significant difference in peak systolic longitudinal strain.
Left ventricular hypertrophy compared with NLVH and
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normal patients, all of the strain index had significant
difference exclude the values detected in the apical long-
axis view.

Comparing the average peak systolic longitudinal strain in
the subendocardial, middle, and subepicardial between the
normal and NLVH patients, there was no significant difference.
Left ventricular hypertrophy compared with NLVH and normal

0.28 49.46� 19.29 0.438

NLVH¼ non-left ventricular hypertrophy.
FIGURE 3. The peak systolic radial strain in the normal subjects,
NLVH and LVH patients of the basal, middle, and apical.

Copyright # 2016 Wolters Kluwer Health, Inc. All rights reserved.
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In all the patients, the pattern of peak systolic circumfer-
ential strain of the myocardial layers was middle> subepicar-

FIGURE 4. The bull’s eyes of the peak systolic longitudinal strain
dial> subendocardial (Table 3; Figures 1B and 2B). Regarding
the peak systolic circumferential strain among the 3 groups, in
the parasternal short axis at the basal level all of the data were

Copyright # 2016 Wolters Kluwer Health, Inc. All rights reserved.
very similar. In the parasternal short axis at the middle and
apical levels, peak systolic circumferential strain was in the

he normal subjects, NLVH and LVH patients.
pattern NLVH> normal subjects>LVH. Among the 3 groups,
the peak systolic circumferential strain of the parasternal short
axis at the basal, middle, and apical levels was comparable.

www.md-journal.com | 5



Comparison the average peak systolic circumferential strain in
the subendocardial, middle, and subepicardial, the subendocar-
dial strain had significant difference when LVH patients com-
pared with normal patients and the NLVH patients.

The peak radial strain of the subendocardial, middle, and
the subepicardial myocardial layers in the parasternal short axis
at the basal, middle, and apical levels were not significantly
different (Table 4; Figures 1C and 3). In the normal and NLVH
patients, the peak radial strain among the parasternal short-axis
levels was middle> apical> basal. In the LVH group, the peak
radial strain was apical>middle> basal.

DISCUSSION
Primary hypertension is a very common and important

cardiac disease. Left ventricular hypertrophy and cardiac enlar-
gement are common complications. Left ventricular hypertro-
phy is an important factor in heart failure among PH patients. In
the early stage, it influences diastolic function.15 Regarding
systolic function, recent research has mainly focused on myo-
cardial strain, strain rate and, torsion about the LV.16–21 There
are few investigations of the strain of the subendocardial,
middle, and subepicardial myocardial layers.

A normal myocardium consists of subendocardial, middle,
and subepicardial fibers. Torrent-Guasp et al22 first reported the
presence of a so-called myocardial band, and considered that the
band consisted of a helix formed by basal and apical loops. The
different orientations of the ventricular muscle fibers lead to the
spindle-like motions of the heart, similar to the wringing of a rag
to squeeze out water.8 The muscle fibers of the subepicardial
and subendocardial layers are the most longitudinal, and when
contracted, they cause longitudinal motion. The fibers of the
middle layers are mainly circumferential, and lead to circum-
ferential motion.23 When the myocardial band contracts and
relaxes, 3 different motions (longitudinal, circumferential, and
radial), result in rotational movement. Because of the particular
motion of the heart, there is strain and rotation throughout the
cardiac cycles. The strain index can reflect the cardiac function
well from the anterior research.

From the values for E, A, and E/A, we know that in the
early stage, the PH patients had diastolic dysfunction.

Peak Systolic Longitudinal Strain
The peak systolic longitudinal strain among the myo-

cardial layers in all the groups followed the pattern: subendo-
cardial>middle> subepicardial (Figure 4). We consider that
this phenomenon is because of the contractual sequence of the
muscle fibers during the cardiac cycle. Normal myocardial
muscle fibers are longitudinal or circumferential, and the sub-
epicardial and subendocardial layers are oriented longitudinal,
whereas the middle layers are circumferential. In patients with
high blood pressure, the subendocardial layer is susceptible to
ischemia or fibrosis.17 To maintain normal systolic function, the
strain is increased. In the current study, we found that the peak
systolic longitudinal strain was higher in the LVH group than in
the normal and NLVH patients. From this, we could confirm
that PH patients with LVH had systolic dysfunction. Although
there was no difference in peak systolic longitudinal strain
between the NLVH and normal patients, the value of the latter
was higher. We consider that in the early stage of PH, systolic
function is damaged. We conclude that the peak systolic

Huang et al
longitudinal strain can reflect systolic function very con-
veniently and accurately in PH patients. The longitudinal
function was very sensitive to early changes in PH patients.
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Peak Systolic Circumferential Strain
The pattern of peak systolic circumferential strain among the

myocardial layers in all patients was middle> subepicardial
> subendocardial. This result is consistent with the muscle fibers,
as the middle layers mainly consist of circumferential fibers, so
circumferential motion is affected mainly by the middle layers. In
the parasternal short axis at the basal level, the peak systolic
circumferential strain was similar among the LVH, NLVH, and
normal groups. In the parasternal short axis at the middle and
apical levels, the pattern was NLVH> normal patients>LVH.
Lorell et al15 reported that when a heart is under a hemodynamic
burden, the heart can use the Frank–Starling mechanism, aug-
ment muscle mass, and recruit neurohormonal mechanisms to
compensate. In our current research, we found that in the early
stage of PH (ie, NLVH), the heart appears to normalize systolic
function by increasing the circumferential strain. In the LVH
stage, the circumferential strain, however, was less, and we
conclude that the systolic function was damaged.

Peak Systolic Radial Strain
Radial strain had no difference among the 3 groups, but,

the radial strain trend was similar between normal patients and
NLVH. According to this, we concluded that the systolic
function of LVH was damaged.

Peak Average Longitudinal Strain and
Circumferential Strain

When LVH compared with NLVH and normal patients, we
found that all of the peak average longitudinal strain and the
average circumferential strain of the subendocardial had
decreased. We concluded that the systolic function was
damaged in LVH patients.

LIMITATIONS
Achieving the study objectives was hampered in that the

images were two-dimensional, and when the speckles move out
of the plane of the image during the cardiac cycle, they cannot
be tracked successfully by the EchoPAC software. The number
of the PH patients is small, and long-term analysis with the
larger samples is needed.

CONCLUSIONS
Our results for the peak systolic longitudinal strain, cir-

cumferential strain in the subendocardial, middle, and subepi-
cardial myocardial layers, and peak systolic radial strain
indicated that the longitudinal function is very sensitive to early
changes in PH patients. Hearts of the PH patients without LVH
appeared to compensate for early systolic changes via increased
circumferential strain. The radial strain in PH patients with
LVH differed in the basal, middle, and apical areas of the
parasternal short axis from that of the other 2 groups. We thus
conclude that the systolic function is damaged in PH patients.
This systolic dysfunction could be detected conveniently and
accurately with two-dimensional STE.
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