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Abstract

circumferential strain (SC) were measured.

ventricular pump function.
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Background: This study is aimed at investigating myocardial multi-directional systolic deformation in hypertensive
with different left ventricular ejection fraction (LVEF), and exploring its contribution to LVEF.

Methods: One hundred and twenty-three patients with primary hypertension (HT) were divided into group A

(LVEF = 55%), group B (45% < LVEF < 50%, or 50% < LVEF < 55% + LVEDVI = 97 ml/m?), and group C (LVEF < 45%).
Two-dimensional strain echocardiography (2DSE) including LV longitudinal strain (SL), radial strain (SR) and

Results: SL decreased gradually from group A, B to C (all p < 0.05) while SR and SC were reduced only in
group B and C (all p < 0.05). All strain measurements correlated to LVEF, with the strongest correlation in SC
(r=-082, p < 001) and the second in SL (r = —0.76). The diastolic E/e increased from group A, B to C.

Conclusions: Left ventricular multi-directional deformation correlated well to LVEF in hypertension and
particularly SC, indicating that it was SC, not SL or SR, that makes the prominent contribution to left
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Background

Heart failure with preserved ejection fraction (HFpEF)
and heart failure with reduced EF (HFrEF) may be diffe-
rent stages of the identical disease [1]. Studies in patients
of HEpEF revealed a general trend of a decrease in left
ventricular ejection fraction (LVEF) although it remains
in “normal range”. In addition, there are abnormalities
in other indices of left ventricular (LV) systolic function
such as systolic mitral annulus velocity and displace-
ment, LV myocardial strain and strain rate obtained by
tissue doppler imaging (TDI) and 2-dimensional strain
echocardiography (2DSE) [2-5]. Previous work including
the one we conducted have shown a depressed LV longi-
tudinal strain in the early stages of hypertensive LV
remodeling (concentric remodeling and concentric
hypertrophy) [6, 7]. Impaired LV longitudinal strain
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occurs in some patients with hypertension and normal
LVEF in the absence of heart failure [8]. However, with
the progression of LV dysfunction, the characteristic of
myocardial deformations in all directions is unknown.
This study aimed to investigate myocardial multi-
directional strain in hypertensive patients with normal,
borderline and reduced left ventricular ejection fraction
(LVEEF), thus to explore the contribution of myocardial
multi-directional deformation to LVEF.

Method

Study population

According to 2007 Guidelines for the management of
arterial hypertension [9], hypertension was defined as
systolic blood pressure > 140 mmHg or diastolic blood
pressure > 90 mmHg. Inclusion criteria: One hundred
and twenty-three patients (from October 2014 to
October 2015) who had hypertension as defined above
were enrolled in. Normal controls (NC) contains 40 age
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and sex matched volunteers who were free of cardiovascu-
lar or systemic diseases. Patients were excluded for the fol-
lowing reasons: poor image quality, atrial fibrillation, known
coronary artery disease, regional wall motion abnormality in
left ventricle, idiopathic cardiomyopathy, congenital heart
disease, chest distress, exertional angina pectoris. According
to LVEE, the subjects were divided into two groups: hyper-
tension with normal LVEF (HT-NEE LVEF > 50%) and
hypertension with reduced LVEF (HT-REF, LVEF < 50%). In
order to investigate a “borderline” state, all the subjects were
further divided into three sub-groups: group A, normal
LVEF and LV end diastolic volume index (LVEF > 55%,
LVEDVI < 97 ml/m?); group B, “borderline” LVEF and en-
larged LV end diastolic volume index (45% < LVEF < 50%,
or 50% < LVEF < 55% + LVEDVI > 97 ml/m?) and group C,
reduced LVEF (LVEF < 45%).

Conventional Echocardiographic study

Echocardiography was performed in participants using
GE VIVID E9 or GE VIVID E7 ultrasound scanner (GE
Vingmed Ultrasound, Horten, Norway) with GE VIVID
E9 or GE VIVID E7 probe (1.7-4.0 MHz). Conventional
scans were acquired in standard left ventricular long
axis, short axis and apical views. For parasternal short-
axis views, three levels of LV were acquired, which were
basal level, papillary muscle level and apical level. All
echocardiographic measurements were averaged on
three heart beats. Left ventricular ejection fraction
(LVEF), left ventricular end-diastolic volume (LVEDYV)
and left atrial volume (LAV) were obtained by area-
length method in standard apical views (biplane). Left
ventricular internal dimension at end diastole and end
systole (LVIDd, LVIDs), posterior wall thickness
(LVPWT), septal thickness (IVST) and left atrial diam-
eter (LAD) were acquired in parasternal long axis views.
Left ventricular mass (LVM) was calculated based on the
recently published guidelines [10]. LVEDV, LAV and
LVM were indexed to body surface area (BSA). E/A ratio
were measured from mitral inflow (measured at the tips
of the mitral valve), peak early (E) and late (A) filling
velocities. Tissue Doppler was applied at end-expiration
in the pulsed-wave doppler mode at the level of the mi-
tral annulus from an apical four-chamber view. Lateral
and septal mitral annulus early diastolic velocities (e’)
were recorded and averaged to derive E/e’ ratio. LV
hypertrophy was defined as an LVMI > 125 g/m> for
men and LVMI > 110 g/m2 for women [9]. LV enlarge-
ment [10] was defined as an LVEDVI > 97 ml/m?.

LV systolic strain measurements by 2DSE

Myocardial strain measurements were performed using
2DSE [11-13]. The analysis was performed offline using
commercial software (EchoPAC Software, version 113,
General Electric Company, Horten, Norway). To
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optimize speckle tracking, 2D gray-scale harmonic
images were obtained at a frame rate of >50 frames/s. In
above software, myocardial deformation measurements
were performed using tissue speckle tracking and the
displacement of speckles of myocardium in each spot
was analyzed and tracked frame by frame. After manual
tracing of the endocardial border of the end-systolic
frame and selecting the appropriate region of interest,
i.e. the width of the region of interest was adjusted to fit
the wall thickness as required, the software automatically
determined six segments in each view. Each segmental
strain curve was obtained by automatic frame-by-frame
tracking of the acoustic markers in the myocardial tis-
sue. The tracking quality was scored as either acceptable
or unacceptable. For each subject, longitudinal strain
values for all six LV myocardial segments in each of the
apical four-chamber views were measured and averaged
to derive the global LV longitudinal strain (SL). Circum-
ferential and radial strain values were obtained in all 18
segments at the level of the three short-axis views. The
average of peak systolic circumferential or radial strain
values from the three short-axis views was calculated to
derive global LV circumferential strain and radial strain
(SC, SR). All the measurements were performed in
triplicate and averaged from three regular heart beats.
Segments with obvious bias tracking were excluded from
the analysis.

Interobserver and Intraobserver variability

Ten patients were randomly-selected to assess interob-
server and intraobserver variability in strain measure-
ments. The interobserver variability was calculated as
the SD of the difference between the measurements of
two independent observers who were blinded to all
other patient’s data and expressed as a percent of the
average value. The intraobserver variability was calcu-
lated as the SD of the difference between the first and
second measurements by the same observer at 1-week
interval and expressed as a percent of the average value.

Statistical analysis

Continuous data were presented as mean + standard
deviation (SD) or as percentages where appropriate.
Comparisons among multiple groups was performed
with one-way ANOVA if the data were normally distrib-
uted; otherwise, one-way ANOVA on ranks if the data
distribution was not normal. Categorical variables were
analyzed using x° test, and Fisher’s exact tests were used
when appropriate. Pearson’s correlation analysis was
used to study the relation between two continuous vari-
ables. SPSS version 15 (IBM Corporation, Armonk, NY)
was deployed to perform the majority of the statistical
operations, where a p value less than 0.05 was consi-
dered statistically significant.
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Results

Clinical characteristics and Echocardiographic
measurements in HT

There was no difference in terms of age or sex among
all patients groups and normal controls (p > 0.05), as
shown in Table 1.

Besides reduced LVEF, patients in group HT-REF had
lower annular systolic velocity and higher LAVI, LVIDd,
LVMI, LVEDVI (p < 0.05); early diastolic € velocity de-
creased and E/e’ ratio increased progressively from NC
to group HT-NEF and HT-REF (for each p < 0.05 in
Table 1); there were no differences between group HT-
NEF and NC in all strain measurements except that SL
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decreased significantly, while all the strain measure-
ments were significantly lower in group HT-REF
compared to group HT-NEF(p < 0.05, Table 2).

Echocardiographic measurements in three HT sub-groups
Dilated LV and LA and increased LVMI appeared in all
sub-groups with a progression from group A, B to C
along with a diastolic in €’ velocity and an increase in E/
€’ ratio. All the strain measurements except for apical SR
showed a downward trend from group A, B to C, where
SL was impaired in group A and was further impaired in
group B and C. SC and SR were impaired in group B
and C (all p < 0.05, Table 3, Fig. 1).

Table 1 Clinical characteristics and conventional echocardiographic measurements in hypertensive

NC HT-NEF (LVEF > 50%) HT-REF (LVEF < 50%)
n =40 n =81 n=42
Agely) 5375+ 11.72 5725+ 11.70 57.55 + 1469
Gender(M/F) 26/14 60/21 36/6
LBBB/RBBB(n) 0 3 6
PAB(n) 0 3 1
PVB(n) 0 2 2
Abnormal blood lipid or DM(n) 0 2 104
Renal dysfunction(n) 0 4 3
HR(beats/min) 67.60 + 10.17 69.35 + 11.90 7833+ 1547°4
SBP(mmHQg) 12248 + 1366 15130 £ 1991° 14537 + 2580°
DBP(mmHg) 78.14 + 1044 8848 + 1364" 89.11 + 14.56"
LVIDd(cm) 470 + 028 520 + 056" 598 + 0.86°4
IVST (cm) 087 +0.12 119 +030° 122+031°
LVPWT(cm) 0.76 + 0.09 102 +021° 108 + 024"
RWT 035 + 0.04 043 +0.10° 040 + 0.12
LVMI(g/m?) 7641 + 10.74 13179 + 44.35" 17577 + 49.84° 4
LAD(cm) 3.17 +0.59 397 +057° 439+ 065°4
LAVI(mI/ m?) 23.05 + 869 3172 £ 967" 4001 + 17204
FS(%) 3429 + 347 3459 + 425 1843 £5.10°4
LVEDVI(ml/ m?) 6245 + 860 76.14 + 16.24" 109.06 + 40.15°4
LVEF (%) 62.56 + 461 61.37 + 520 3730+ 837°4
PVA(M/s) 062 + 0.20 077 +021° 070 + 0.26
PVE(m/s) 064 + 021 065 + 0.21 073 + 029
E/A 108 + 039 0.96 + 0.78 128 + 0904
E/e 7.53 + 239 1112 + 416" 1707 £1120°4
s(m/s) 007 + 001 0.07 + 003 005 + 002°4
a(m/s) 009 + 0.02 0.09 + 0.05 007 + 0084
e(m/s) 0.09 + 0.03 007 + 006" 005+ 002°4

Data are expressed as mean + standard deviation (SD) or as number (ratio);

NC normal controls, LVEF left ventricular ejection fraction, HT-NEF hypertension with normal, LVEF; HT-REF hypertension with reduced LVEF, HT hypertension, LBBB
left bundle branch block, RBBB right bundle branch block, PAB occasional premature atrial beats, PVB occasional premature ventricular beats, DM diabetes mellitus,
HR heart rate, SBP systolic blood pressure, DBP diastolic blood pressure, LVIDd Left ventricular internal dimension in diastole, /VST Interventricular septal thickness,
LVPWT Left ventricular posterior wall thickness, RWT Relative wall thickness, LVM Left ventricular mass, LVMI Left ventricular mass index, LAD Left atrial diameter,
LAVI LA volume index, FS Fractional shortening, LVEDVI Left ventricular end-diastolic volume index, LVEF Left ventricular ejection fraction;

“1p < 0.05 vs NC group; 4:p < 0.05 vs group HT-NEF
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Table 2 LV strain measurements in group HT-NEF and HT-REF

NC HT-NEF HT-REF
(LVEF = 50%) (LVEF < 50%)

n =40 n =381 n=42
SL(%) —-20.16 + 2.75 -1827 + 374" 1134 +385"°4
SC-mv(%) ~1831 + 291 —~17.54 + 360 —10.54 + 359" 4
SC-pm(%) -1801 + 2.79 —18.14 + 302 —11.09 + 412°4
SC-ap(%) 2137 + 1471 ~2301 + 696 1501 + 6654
SR-mv(%) 4399 + 1947 4069 + 1448 2042 +861°4
SR-pm (%) 4275+ 1853 4690 + 16.95 2283 + 1266°4
SR-ap(%) 2284 +17.10 1978 + 1722 1194 +817°4

Data expressed as mean * standard deviation (SD); LV left ventricular, NC
normal controls, LVEF left ventricular ejection fraction, HT-NEF hypertension
with normal LVEF, HT-REF hypertension with reduced LVEF, SL longitudinal
strain, SC circumferential strain, SR radial strain; -mv, —pm, —ap indicates basal
level, papillary and apical level;

“p < 0.05 vs NC; *p < 0.05 vs group HT-NEF

Correlation analysis of strains with LVEF

We analyzed the correlations of systolic multi-directional
strain with LVEF and found a good connection in all
strains, where the correlation coefficients in SC, SL and
SR were -0.82, -0.76 and 0.70 respectively in Fig. 2.

Discussion

In the present study, we compared the difference of LV
multi-directional strain among patients in three different
levels of LVEF, and investigated the correlation and

Table 3 Clinical characteristics and echocardiographic
measurements of three sub-groups

group A group B group C

n=71 n=13 n=34
Age(y) 5799+ 1194 5631+ 1407  57.62 + 1442
Gender(M/F)  53/18 11/2 28/6
HR(beats/min) 6954 + 1197  66.92 + 9.67 8050 + 1581° 4%
LVIDd(cm) 517 + 056" 561+047°4% 610+ 088°4%
RWT 044 + 010" 041+ 0.11 038+ 0124
LVEDVI(mI/ m?) 7461 + 1556"  91.14 + 1956°4% 11497 + 41344
LVMi(g/ m?) 13209 + 4470 15145 + 4237° 18144 + 5120°4%
LAD(cm) 3.99 + 056" 411 + 066" 445 + 064° A7
LAVI(ml/m?) 3133+919° 3191 +976° 4269+ 1771°4%
LVEF (%) 62.65 + 4.14 4945 £251°4% 3479 + 724°A%
s(m/s) 007 + 003 0.06 + 0.02 005 + 002°4
Ele 11.13£417° 1119 £379 1876 + 11.78° 4%
e(m/s) 0.07 + 0.06 006 + 003" 005+ 002°4
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Fig. 1 Comparison of multi-directional strains (papillary level) among
NC and three subgroups divided according to LVEF. Note that all
the strain measurements showed a downward trend from group A
to B to C, where SL was impaired in group A and was further
impaired in group B and C. SC and SR were impaired in group B
and C (all p < 0.05).4 p < 0.05 vs NC group; A p < 0.05 vs group A;
Y¢ p < 0.05 vs group B

Data are expressed as mean * standard deviation (SD) or as number (ratio); HR
heart rate, LVIDd Left ventricular internal dimension in diastole, RWT Relative
wall thickness, LVEDVI Left ventricular end-diastolic volume index, LVMI Left
ventricular mass index, LAD Left atrial diameter, LAVI LA volume index, LVEF Left
ventricular ejection fraction; the data of normal controls (NC) see Table one;
group A, normal LVEF and LV end diastolic volume index, group B, “borderline”
LVEF and enlarged LV end diastolic volume index, group C, reduced LVEF

(LVEF < 45%). “p < 0.05 vs NG; Ap < 0.05 vs group A; *p < 0.05 group B

contribution of strain in each direction to global pump
function, providing a continuous trend of LV perform-
ance in the progression of cardiac dysfunction in hyper-
tension. The major findings were, (1) SL decreased early
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Fig. 2 Correlation analysis of the strains to LVEF (a, b and ¢ showing
SL, SC, and SR were highly related with LVEF, with the strongest
correlation in SC). (Note that because SL and SC was in negative
value, while LVEF was positive, as a result, r-value was negative)

in the stage of normal LVEF, while SC and SR began to
decrease in patients with “borderline” LVEF (45%-55%)
and deteriorated with LVEF reduced further. (2) Systolic
strains in all directions highly correlated with LVEF, with
the strongest correlation in SC (r = -0.82), indicating
that it was SC, not SL or SR making the prominent
contribution to left ventricular pump function.
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Left ventricular remodeling and function in hypertension
LVMI, LVEDVI and LAVI increased from group A, B to
C. With the decrease of LVEF, annular € decreased
together with s; and E/e’ ratio increased. These results
indicate that as the LV remodeling takes place, systolic
performance is impaired together with diastolic dysfunc-
tion, which is in accordance with previous findings. In
the progression from HFpEF to HFrEF, systolic dysfunc-
tion appeared while diastolic function deteriorated [3,
14]. HFpEF and HFrEF have similar pathophysiologic
characteristics [14]. Biopsy of human myocardial tissue
also showed HFpEF and HFrEF were injured to different
degrees [15, 16], indicating that LV systolic and diastolic
dysfunction are a continuous process, or two different
stages in the progression of cardiac dysfunction [3].

Left ventricular myocardial multi-directional deformation
in hypertension

Longitudinal strain (SL)

Similar to several former studies, we found SL decreased
in the early stage of hypertensive heart failure. Kosmala
et al. found SL firstly reduced in NYHA I-II, and became
lower as the cardiac function deteriorated [17]. Reduced
SC, SR appeared only in NYHA III-IV. Another study
reported impaired SL and SR in HFpEF [12].

Radial strain (SR)

We found SR was preserved or even increased slightly in
early stage of hypertensive heart disease with normal
LVEF and decreased in later stages (borderline and
reduced LVEF). In the early stage of remodeling (con-
centric remodeling), or before left ventricular function is
significantly impaired, SR is preserved or increased in
compensation for the decrease in SL [6, 17]. As observed
in the present study, the increased SR may be considered
as a compensation for the impaired SL in early stage of
hypertension [6]. In addition, the radius of curvature of
the circumferentially oriented myocardial fibers respon-
sible for LV radial deformation is smaller than that of
longitudinal ones, which might entail lower stress and
consequently delayed functional impairment caused by
pressure overload [17]. SR derived from speckle tracking
from endocardial to epicardial layer was not purely origi-
nated from the contraction of midwall fiber but the
whole heart muscle layers, and was decreased when all
heart muscle layers was injured [17-19].

Circumferential strain (5C)

The present results of SC were in accord with previous
studies [6, 12, 13]: SC was preserved or slightly increased
as a compensation to maintain a normal LVEF, the
reduction of which may lead to a decreased LVEF. Inves-
tigation by Wang et al. had revealed that there was no
difference between HFpEF and normal control in SC,
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while distinctly lowered SC only occurred in HFrEF [12].
Kouzu et al. found there was an increasing trend of SC
in concentric remodeling, but a reduction in SC in
patients with concentric hypertrophy and eccentric
hypertrophy [6]. As mentioned above, mid-wall myocar-
dial fibers were not affected in early stage and thus SC
was preserved.

A recent study demonstrated that heart failure with
normal LVEF had a poorer SC than normal subjects [8],
where “normal LVEF” was defined as >45%, and the
percentage of patients with abnormal SC was only 22%
in patients of LVEF > 55%, lower than that with “border-
line” LVEF (as described in our present study). In that
study, patients in normal LVEF group mostly had a med-
ical history of coronary disease or myocardial infarction
which may indirectly lead to a decreased SC. In our
present study, subjects with coronary artery disease or
myocardial infarction were excluded, and we divided all
the patients into 3 subgroups according to different
LVEF, and we assessed LVEF using area-length method
for better analysis of the correlation between LV multi-
directional strain and global LV function.

The pathophysiological mechanisms

SL was impaired first in the early stage, and deterio-
rated together with decreased SR and SC with the
progression of hypertensive remodeling. The patho-
logical basis of these observations likely lies in
hypertension-related fibrosis and myocyte hypertrophy
progressing from subendocardial layer to the epicar-
dium [20], and the subendocardial fibers primarily
affect longitudinal strain [21]. Importantly, biopsy of
human myocardium shows interstitial subendocardial
fibrosis in patients with HFpEF [15, 16]. With pro-
gression of disease to the mid and outer myocardial
layers, circumferential, and radial strain also decline
as was seen in patients with depressed LVEF.

Correlations of strains to LVEF

The present study shows a significant correlation be-
tween longitudinal, circumferential, radial strain and
LVEF. Impaired SL did not appear to impact LVEF
because of the compensation of myocardial fibers in
the mid and subepicardial layers. In the later stages
of hypertension and with LV remodeling, other com-
ponents of LV strain were also impaired [22]. In our
study, SC related to LVEF best among all strains. Pre-
vious studies have also shown close correlation of SC
or the time to peak of SC to LVEF [23, 24]. But some
reports showed better correlation of SR with LVEF in
patients of dilated cardiomyopathy in adolescents
[25]. When LVEF is calculated from linear formula,
where the only parameter used is from LV short axis
dimension, SR was more strongly correlated with
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LVEF. In our study, LVEF was evaluated by area-
length method, where LV stroke volume originated
from the whole LV endocardial displacements caused
by longitudinal, radial and circumferential systolic de-
formation, thus all directions of strain measurements
had significant correlation with LVEEF, with SC con-
tributing more to LVEF. Geometrically, systolic SC
comes from the contraction of circumferential fibers,
leading to both systolic wall thickening (systolic SR)
and decrease in LV diameter and volume. The pre-
served SC and LV twist may contribute to the normal
LVEF in patients with HFpEF, and an increasing SC
may be a compensatory mechanism to maintain a
normal LVEF in the early stage [11, 12], and accord-
ingly, the decrease of multi-directional deformation
especially SC and the deterioration of diastolic
function may lead to reduced LVEF and HFrEF.

Limitations

We used 2DSE to reconstruct a 3D LV multi-directional
strain, where images were obtained from different heart
beats, and some detailed real myocardial dynamic infor-
mation might be lost through heart motion in the chest
in a cardiac cycle. Hence, the results might be less accur-
ate than that of using a real time three dimensional
strain. Since some LV short-axis views of apical level
were challenging, we did not investigate LV twist, which
would also contribute to preserved LVEF. We could not
acquire detailed information of patients’ managements
and medication of hypertension, for most of them did
not have a regular management or they were not able to
provide reliable records.

Conclusions

Impaired left ventricular longitudinal strain and diastolic
dysfunction happened early in patients with normal LVEF
in hypertension, while circumferential and radial strains
were preserved or increased slightly as a compensation for
the decrease in local systolic function, and when all direc-
tions of strains were impaired, LVEF decreased together
with a deteriorating LV diastolic function. Left ventricular
multi-directional deformation correlated well to LVEF in
hypertension, particularly SC, indicating that it was SC,
not SL or SR making the prominent contribution to left
ventricular pump function.
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