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Conclusions: C-LVH caused deterioration of the systolic longitudinal, circumferential, and radial
myocardial deformation in patients with HT. LV torsion and circumferential shortening were
considered to be compensatory mechanisms for maintaining LV pump function.

© 2009 Japanese College of Cardiology. Published by Elsevier Ireland Ltd. All rights reserved.

Introduction

Hypertension (HT) causes left ventricular (LV) systolic pres-
sure overload due to an increase in peripheral vascular
resistance. As a result, various LV geometric changes are
present in this disease [1], which progresses to diastolic
dysfunction with or without symptoms of heart failure (HF)
and/or HF with systolic dysfunction. According to the Fram-
ingham study, LV hypertrophy (LVH) is an established risk
factor in myocardial infarction and cardiovascular mortal-
ity [2]. Furthermore, association between HT with LVH and
deterioration to isolated diastolic HF is well recognized
[3,4]. It has been reported that longitudinal LV shorten-
ing is first impaired in elderly normal individuals [5] and
in patients with hypertrophic cardiomyopathy and pre-
served LV ejection fraction [6]. Therefore, it is clinically
important to accurately evaluate not only LV diastolic func-
tion but also mechanics of LV myocardial contraction in
patients with HT and LVH. Recently, the development of
two-dimensional (2D) strain imaging has facilitated the sim-
ple and angle-independent measurement of LV myocardial
deformation in the longitudinal, circumferential, and radial
directions [7—9]. In the present study, we recorded regional
LV myocardial strain and strain rate curves in the 3 direc-
tions and LV torsion and torsion rate curves in patients with
HT using 2D strain imaging, and investigated features of
LV myocardial three-dimensional contraction abnormalities
in the presence of LVH, particularly concentric hypertro-
phy, to speculate the background of isolated diastolic heart
failure.

Methods
Patient selection

The study included 98 consecutive HT patients from an out-
patient clinic population. All patients fulfilled the following
criteria: (1) systolic blood pressure (BP) >140 mmHg, dias-
tolic BP >90 mmHg, or both, on 2 or more hospital visits at
one-week intervals before treatment with antihypertensive
medication; (2) continued treatment for <2 months after
providing formal informed consent; (3) no clinical, labo-
ratory, or echocardiographic evidence of congestive heart
failure, coronary heart disease, atrial fibrillation, previ-
ous stroke, significant valvular disease, secondary causes
of hypertension, diabetes mellitus, or important concomi-
tant disease; (4) LV ejection fraction >50%; (5) good-quality
echocardiographic recordings.

A total of 22 age-matched controls were selected from
65 subjects presenting with symptoms of chest pain, pal-
pitations, dyspnea, or heart murmurs in whom clinical and
laboratory examinations, phonocardiography, conventional
echocardiography, and exercise testing were normal. All
patients gave written informed consent, and the study

was approved by the ethics committee of the institution
involved.

Conventional, pulsed Doppler, and tissue Doppler
echocardiography

All echocardiographic measurements were performed using
a commercially available ultrasound system (Vivid 7, Gen-
eral Electric Healthcare, Milwaukee, WI, USA) equipped with
a harmonic 4.0-MHz variable-frequency phased-array trans-
ducer. The end-diastolic LV diameter (Dd), end-systolic LV
diameter (Ds), end-diastolic thickness of the ventricular sep-
tum (VSth), and end-diastolic thickness of the LV posterior
wall (PWth) were measured by M-mode echocardiography.
By using these parameters, we calculated the LV mass [10]
and relative LV wall thickness as follows:

LV mass (g) = 0.8 x 1.04 x [(Dd + PWth + VSth)® — Dd*]
+0.6

PWth

Relative LV wall thickness =2 x Dd

The LV mass index (g/m?) was determined by dividing the
LV mass measurement by the body surface area.

In all 98 patients, LV mass was classified as normal geom-
etry (N-LV) in 31 patients (LV mass index <115g/m? for men
and <95g/m? for women, and relative LV wall thickness
<0.42), concentric LVH (C-LVH) in 25 patients (LV mass index
>115g/m? for men and >95g/m? for women, and relative
LV wall thickness >0.42), and eccentric LVH (E-LVH) in 42
patients (LV mass index >115g/m? for men and >95 g/m? for
women, and relative LV wall thickness <0.42).

The LV end-diastolic volume (EDV) and end-systolic
volume (ESV) were calculated from the apical 2- and
4-chamber views using a modified Simpson’s method.
The LV ejection fraction was calculated as ejection
fraction = (EDV — ESV)/EDV x 100. Left atrial volume was
measured offline using the biplane area-length method, and
was indexed to the body surface area.

The peak early diastolic velocity (E), the deceleration
time from the peak of the early diastolic wave to baseline
(E-DT), the peak atrial systolic velocity (A), and the E/A ratio
were assessed from the transmitral flow velocity pattern.

The transmitral flow and LV outflow velocity patterns
were obtained from the apical long-axis view with the pulsed
Doppler method. The Tei index was calculated as follows: Tei
index = (a — b)/a, where a is the interval between cessation
and onset of transmitral flow, and b is the ejection time of
LV outflow.

The mitral annular motion velocity was recorded at the
LV posterior wall site in the apical LV long-axis view by pulsed
tissue Doppler echocardiography. The peak systolic motion
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velocity (s'), peak early diastolic motion velocity (¢’), peak
motion velocity during atrial systole (a’), and ratio of peak
early diastolic transmitral flow velocity (E) to € (E/¢e’) were
determined [11].

Two-dimensional strain imaging

We acquired LV short-axis views at the apical, mid, and
basal levels, and LV apical 2- and 4-chamber views using
a high frame rate (65—69frames/s). The basal short-axis
view contained the mitral valve, the mid-short-axis view
contained the chordae tendineae, and the apical short-
axis view was acquired distal to the papillary muscles. At
each plane, 3 consecutive cardiac cycles were acquired
at end-expiration breath holding and stored digitally on a
hard disk for offline analysis. Image analysis was performed
offline on a PC workstation using custom analysis software
(Echopac PC, Version 6.0.X, GE Healthcare, Fairfield, CT,
USA). The LV endocardial border of the end-systolic frame
was manually traced. On the basis of this line, the com-
puter automatically created a region of interest including
the entire transmural wall in all patients, and the software
selected natural acoustic markers moving with the tissue.
Automatic frame-by-frame tracking of these markers during
the cardiac cycle (2D systolic time interval method) yielded

Longitudinal
(4-CH)

Circumferential

Radial

Figure 1

a measure of rotation, rotational velocity, strain, and strain
rate at any point of myocardium. The LV was divided into 18
segments, and each segment was individually analyzed. With
the use of a dedicated software package, 2D LV strain, strain
rate, and rotation were measured as previously described
[71-

In the present study, longitudinal strain and strain rate
were assessed in the 6 LV walls on the apical 2-chamber
view and in the 6 LV walls on the apical 4-chamber view, and
their average values were used for comparisons among the
control, and 3 HT groups (Fig. 1). Circumferential strain and
strain rate were assessed in the 6 LV walls on the parasternal
LV short-axis view at the level of the chordae tendineae,
and their average values were used for comparison. Radial
strain and strain rate were assessed in the 6 LV walls on the
parasternal LV short-axis view at the level of the chordae
tendineae, and each value was used for the comparison.

LV rotation and torsion along the long-axis were assessed
using parasternal LV short-axis views at the basal level,
including the mitral valves, and at the apical level exclud-
ing the papillary muscles. An effort was made to make
both of the LV short-axis sections as circular as possible.
When viewed from the LV apex, the systolic rotation of the
base was clockwise and is expressed as a negative value,
whereas the rotation of the apex was counterclockwise and

§T-5

Longitudinal, circumferential, and radial strain and strain rate curves of left ventricular walls using two-dimensional

speckle-tracking imaging in a healthy subject. 4-CH, apical 4-chamber view; ST-S, peak systolic strain; SR-S, peak systolic strain
rate; SR-E, peak early diastolic strain rate; SR-A, peak strain rate during atrial systole.
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Table 1 Comparisons of clinical parameters among 4 groups.

Control (n=22) C-LVH (n=25) E-LVH (n=42) N-LV (n=31)

Age (yrs) 59+12 62+10 64+9 62+13
Gender (men/women) 7/15 16/9 25/17 19/12
Height (cm) 156 +7.6 159 +8.7 158 +8.8 159 +£8.9
Weight (kg) 54+8.9 65+15.111 61+10.5' 61+£10.2f
BMI (kg/m?) 21.9+3.0 25.2 +4.47 24.4+3.17 24.1+£2.9
BSA (m?) 1.5+0.2 1.7+£0.2f 1.6+0.2 1.6+0.2
Medications

ARBs (n=74) 0 17 33 24

B-Blockers (n=1) 0 0 1 0

Diuretics (n=7) 0 5 2 0

CCBs (n=16) 0 3 8 5
SBP (mmHg) 119+ 11 140 £ 177 135+£23W 131 £ 11/
DBP (mmHg) 70+ 8 80+ 12/1-1 74+ 11 76 +£9
PP (mmHg) 46 + 11 58 + 14/ 61+19/ 55+12
Heart rate (beats/min) 70+9 64+8 63+10' 67+9

C-LVH, concentric hypertrophy; E-LVH, eccentric hypertrophy; N-LV, normal geometry; BMI, body mass index; BSA, body surface area;
ARBs, angiotensin receptor blockers; CCBs, calcium channel blockers; SBP, systolic blood pressure; DBP, diastolic blood pressure; PP,

pulse pressure.
I P<0.05.

1l P<0.01 vs control group.
t P<0.05 vs E-LVH group.

is expressed as a positive value. Therefore, torsion is defined
as the difference between the apical and basal rotation, and
was divided by end-diastolic LV longitudinal length between
the LV apex and the mitral plane [12,13]. We recorded LV
rotation and rotational velocity profiles during a cardiac
cycle at the base and apex using the software package
described above. Data points representing the basal and
apical LV rotation and rotational velocity were exported
to a spreadsheet program (Microsoft Excel, Microsoft Corp,
Redmond, WA, USA) to create LV torsion and torsion rate
profiles. All variables in this study represent the mean value
of measurements taken in 3 consecutive cardiac cycles.

Statistical analysis

Values are expressed as the mean =+ standard deviation.
Comparison of variables between the 4 groups was per-
formed using analysis of variance. Post hoc analysis was
done using the Bonferroni method. The significance of cor-
relations between the mitral annular motion velocity and
LV strain parameters and the LV ejection fraction and LVMI
were determined by linear regression analysis. Multivariable
regression analysis was applied to evaluate the relationships
between the LV ejection fraction and LVMI and other con-
tinuous variables. A P value less than 0.05 was considered
statistically significant.

Results

Clinical characteristics

The body weight, body mass index (BMI), and systolic blood
pressure were greater in the 3 HT groups than in the control

group (Table 1). Also, diastolic blood pressure was greater
in the C-LVH group compared to the control and E-LVH
groups.

M-mode, two-dimensional, and pulsed Doppler
echocardiography

The end-diastolic LV diameter was greater in the E-LVH
group than in the other 3 groups (Table 2). The indexed LA
volumes in the C-LVH and E-LVH groups were greater com-
pared to the control and N-LV groups. The end-diastolic LV
wall thicknesses in the C-LVH and E-LVH groups, particularly
in the former, were greater compared to the control and
N-LV groups. The relative LV wall thickness was markedly
increased in the C-LVH group than in the other 3 groups. The
LV mass index was greater in both LVH groups, particularly in
the C-LVH group, than in the control and N-LV groups. The LV
ejection fraction was lower in the C-LVH group than in the
control group, whereas there were no differences among the
3 HT groups. The E/As in the 3 HT groups were lower com-
pared to the control group, and E-DT was longer in the 2 LVH
groups than in the control group. The Tei index was greater
in the C-LVH group than in the control and N-LV groups.

Tissue Doppler echocardiography

The peak systolic and early diastolic mitral annular motion
velocities (s’ and €', respectively) were lower in the C-LVH
group than in the control and other 2 HT groups (Table 3).
The E/e’ was greater in the C-LVH group than in the other
3 groups. The LV ejection fraction correlated with s’ and
a, and LVMI correlated with s, €, and E/€’ in all patients
(Table 4).



Table 2 Comparisons of M-mode, two-dimensional, and pulsed Doppler echocardiographic parameters among 4 groups.

Control (n=22) C-LVH (n=25) E-LVH (n=42) N-LV (n=31)
End-diastolic LV diameter (cm) 4.8+ 0.4 4.8 + 0.3 5.3 £+ 0.5/ 4.9 + 0.4
End-systolic LV diameter (cm) 2.6 £ 0.4 2.8 +£ 0.6 3.0+ 0.5 2.8 +£0.5
LA volume/BSA (ml/m?) 20.9 £ 9.9 30.6 + 11.3/0° 30.1 + 10.4/00.° 24.2 +7.0
End-diastolic ventricular septal thickness (mm) 7.8+ 1.1 11.9 + 1.5/, 1t 9.6 + 1.1111,™ 7.5+1.2
End-diastolic LV posterior wall thickness (mm) 8.1+1.2 11.7 £ 1,405,711t 9.6 + 1.0/1/,™ 7.8 +1.0
Relative LV wall thickness 0.34 + 0.05 0.49 + 0.06/11,™"ftt 0.37 + 0.05™ 0.32 + 0.05
LV mass index (g/m?) 97.2 + 13.8 160.1 + 37.7115,""1 144.0 + 24.3/10™ 94.4 +12.8
LV ejection fraction (%) 77.4 &+ 8.1 70.4 + 11.8% 73.4+7.6 73.3+7.7
E (cm/s) 0.76 £ 0.2 0.65 + 0.1/>1t 0.76 + 0.2 0.71 £ 0.2
A (cm/s) 0.67 + 0.1 0.79 + 0.2/ 0.85 + 0.2/1f 0.78 + 0.2F
E/A 1.15 £+ 0.3 0.86 + 0.2/1f 0.92 £+ 0.3/11 0.96 + 0.3/
E-DT (ms) 183 £ 29.8 214 + 37.300° 213 + 44.0/7>° 106 £ 26.7
Tei index 0.24 + 0.12 0.35 + 0.13/1." 0.29 + 0.13 0.26 + 0.11

C-LVH, concentric hypertrophy; E-LVH, eccentric hypertrophy; N-LV, normal geometry; LV, left ventricle; LA, left atrium; BSA, body surface area; E, peak early diastolic velocity of
transmitral flow; A, peak atrial systolic velocity of transmitral flow; E-DT, deceleration time from the peak to baseline of the early diastolic transmitral flow velocity.
I P<0.05.
I p<0.01.
111" P<0.001 vs control group.
" P<0.05.
" P<0.01
™ P<0.001 vs N-LV group.
f P<0.05.
ft P<0.01.
ftt P<0.001 vs E-LVH group.
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Table 3 Comparisons of tissue velocity and 2D strain imaging parameters among 4 groups.
Control (n=22) C-LVH (n=25) E-LVH (n=42) N-LV (n=31)
Mitral annular motion velocity
s'(cm/s) 10.2 + 2.8 8.2 + 2.3/ 1 9.5 + 2.1 9.6 + 2.9
e’(cm/s) 11.1 £ 3.3 7.2 £ 2811171 9.6 +2.9 10.5 + 3.1
a(cm/s) 10.2 + 2.8 9.7 + 2.4t 11.4 + 2.2 11.3 £ 2.5
E/e 7.3+2.4 10.3 £ 4.1/5,""1 8.5+2.9 7.3+23
LV wall strain and strain rate
Peak systolic strain (%)
Longitudinal -22.9 +1.7 —17.9 & 2.900J,7 itt —20.0 & 2.1 —20.4 + 2.7/
Radial 74.4 + 8.0 62.7 + 14.4/7.%1 70.1 + 14.4 70.2 + 10.0
Circumferential -23.7 £ 3.0 —20.4 &+ 4.5/171 —21.7 £ 3.5/ —-23.0+ 2.9
Systolic strain rate (s')
Longitudinal —-1.44+0.2 —1.2 £ 0.3/ —1.2+£0.27 —1.2+0.27
Radial 2.8 +£0.6 2.2 £+ 0.6/ 2.4 + 0.6/ 2.4 £ 0.6/
Circumferential -1.8+0.2 —1.5 + 0.4/1%1 —-1.7+0.3 —-1.7+0.3
Early diastolic strain rate (s—')
Longitudinal 1.8 £ 0.3 1.2 + 0.4/17,7 it 1.5+ 0.3 1.5+ 0.3/
Radial -2.7 £ 0.9 —2.0+0.77 —2.2+£0.6' —2.3+0.6'
Circumferential 2.0+ 0.4 1.6 + 0.5/00,"1 1.8+0.3 1.9+ 0.5
Atrial systolic strain rate (s—')
Longitudinal 1.3+0.3 1.2 +£0.3 1.2 £0.3 1.4+ 0.4
Radial -1.24+0.8 —-1.8+0.8' —1.7 £ 0.8/ —1.8 + 1.0/
Circumferential 1.2 +£0.3 1.2 £ 0.5 1.3+£0.4 1.3+£0.4
Torsion (°) 20.5 + 6.5 21.0 + 6.8 19.1 + 6.1 17.9 + 8.4
Torsion/LV length (°/cm) 2.74 £+ 0.85 2.66 + 0.88 2.47 + 0.85 2.35 £ 1.10
Torsional rate (°/s) 130.8 + 38.2 124.5 + 43.5 113.4 + 32.2 115.2 + 44.3
Untwisting rate (°/s) 144.4 + 50.8 134.6 + 54.5 120.3 + 38.8 113.9 + 48.1/

C-LVH, concentric hypertrophy; E-LVH, eccentric hypertrophy; N-LV, normal geometry; LV, left ventricle; s’, peak systolic mitral annular
motion velocity; €/, peak early diastolic mitral annular motion velocity; @', peak mitral annular motion velocity during atrial systole;

E/€’, ratio of peak early diastolic transmitral flow velocity to e’.
I P<0.05.

I p<0.01.

15 P<0.001 vs control group.
" P<0.05.

“ P<0.01.

P<0.001 vs N-LV group.

T P<0.05.

i

T

s

T P<0.01.
1t P<0.001 vs E-LVH group.

Two-dimensional strain imaging

In the C-LVH group, the mean peak systolic strains in the lon-
gitudinal, circumferential, and radial directions were lower
compared to the other 3 groups (Table 3). The mean peak
systolic longitudinal and circumferential strains were lower
in the E-LVH group, and mean peak systolic longitudinal
strain was lower in the N-LV group, than in the control group.
In the C-LVH group, the mean peak systolic strain rates in
all the 3 directions were lower compared to the control
group. Also, the mean peak systolic circumferential strain
rate in the C-LVH group was lower than that in the other 2
HT groups. The mean peak systolic longitudinal and radial
strain rates were lower in the E-LVH and N-LV groups than in
the control group. The mean peak early diastolic strain rates
in all the 3 directions were lower in the C-LVH group, and

those in the longitudinal and radial directions were lower
in the E-LVH and N-LV groups, than in the control group.
The mean peak atrial systolic radial strain rates in the 3 HT
groups were greater compared to the control group. There
were no differences in the torsion and torsional rate among
the 4 groups. Untwisting rate was lower in the N-LV group
than in the control group, whereas there were no differences
between the control and 2 LVH groups.

The LV ejection fraction correlated with mean peak sys-
tolic strain and strain rate, and mean peak early diastolic
and atrial systolic strain rates in the longitudinal and circum-
ferential directions, torsion, torsional rate and untwisting
rate in all patients (Table 4). The LVMI correlated with s,
e, E/e’, mean peak systolic strains and strain rates, mean
peak early diastolic strain rates in all 3 directions, and mean
peak atrial systolic longitudinal strain rate in all patients.
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Table 4 Correlations between the tissue velocity and 2D strain imaging parameters and the LVEF and LVMI.

LVEF LVMI
r P value r P value
Mitral annular motion velocity
s'(cm/s) 0.25 <0.01 —0.28 <0.01
e’'(cm/s) 0.03 NS —0.36 <0.001
a'(cm/s) 0.29 <0.01 -0.02 NS
E/e —0.03 NS 0.42 <0.0001
LV wall strain and strain rate
Peak systolic strain (%)
Longitudinal —0.38 <0.0001 0.38 <0.0001
Radial 0.15 NS —0.34 <0.001
Circumferential —0.60 <0.0001 0.36 <0.0001
Systolic strain rate (s')
Longitudinal —0.42 <0.0001 0.23 <0.05
Radial 0.18 NS —0.30 <0.01
Circumferential —0.54 <0.0001 0.22 <0.05
Early diastolic strain rate (s=')
Longitudinal 0.26 <0.01 —0.48 <0.0001
Radial 0.01 NS —0.25 <0.01
Circumferential 0.34 <0.001 —0.38 <0.0001
Atrial systolic strain rate (s—')
Longitudinal —0.41 <0.0001 —0.24 <0.05
Radial 0.01 NS —0.07 NS
Circumferential 0.34 <0.001 —0.12 NS
Torsion (°) 0.36 <0.0001 0.07 NS
Torsion/LV length (°/cm) 0.43 <0.0001 0.04 NS
Torsional rate (°/s) 0.49 <0.0001 —0.09 NS
Untwisting rate (°/s) -0.27 <0.01 —0.01 NS

LVEF, left ventricular ejection fraction; LVMI, left ventricular mass index; s’, peak systolic mitral annular motion velocity; e’, peak early
diastolic mitral annular motion velocity; a’, peak mitral annular motion velocity during atrial systole; E/€’, ratio of peak early diastolic

transmitral flow velocity to e’; LV, left ventricle; NS, not significant.

Table 5 Multivariate regression analysis to determine the best predictor of LVEF.

B P value
s’ 0.135 0.1120
a 0.020 0.8289
Peak systolic longitudinal strain —0.057 0.6520
Peak systolic circumferential strain —0.445 <0.0001
Peak systolic longitudinal strain rate —0.027 0.8212
Peak systolic circumferential strain rate 0.077 0.5012
Peak early diastolic longitudinal strain rate —0.068 0.5217
Peak early diastolic circumferential strain rate —0.113 0.2356
Peak atrial systolic longitudinal strain rate 0.178 0.1334
Peak atrial systolic circumferential strain rate 0.050 0.5990
Torsion/LV length 0.099 0.3238
Torsional rate 0.230 0.0494
Untwisting rate 0.028 0.7515

LVEF, left ventricular ejection fraction; 3, regression coefficient; s’, peak systolic mitral annular motion velocity; a’, peak mitral annular

motion velocity during atrial systole; LV, left ventricle.
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Table 6 Multivariate regression analysis to determine the best predictor of LVMI.

B P value
s’ 0.053 0.6477
e —0.043 0.7929
E/e 0.395 0.0039
Peak systolic longitudinal strain —0.207 0.1132
Peak systolic radial strain —0.233 0.0077
Peak systolic circumferential strain 0.345 0.0030
Peak systolic longitudinal strain rate 0.184 0.1393
Peak systolic radial strain rate —0.202 0.0239
Peak systolic circumferential strain rate —0.402 0.0011
Peak early diastolic longitudinal strain rate —0.189 0.1660
Peak early diastolic radial strain rate —0.008 0.9315
Peak early diastolic circumferential strain rate —0.072 0.5293
Peak atrial systolic longitudinal strain rate —0.290 0.0095

LVMI, left ventricular mass index; B, regression coefficient; s, peak systolic mitral annular motion velocity; e’, peak early diastolic mitral
annular motion velocity; E/€’, ratio of peak early diastolic transmitral flow velocity to e’.

Multivariate regression analyses suggested that peak systolic
circumferential strain and torsional rate, particularly the
former, were identified as independent predictors related to
LV ejection fraction (Table 5), and that E/e’, peak systolic
radial and circumferential strain, and peak systolic radial,
circumferential and atrial systolic strain rates were identi-
fied as independent predictors related to LVMI (Table 6).

Reproducibility

Intraobserver and interobserver variabilities were assessed
for velocity, strain, and torsion and untwisting values. Vari-
ability was expressed as the coefficient of variation. The
intraobserver variability was 2.6—4.0% for velocity val-
ues, 4.5—5.8% for strain values, and 4.4—7.5% for torsion
and untwisting values. The interobserver variability was
4.2—6.5% for velocity values, 5.6—7.5% for strain values, and
6.0—8.0% for torsion and untwisting values.

Discussion

Risk factors for isolated diastolic HF include advanced age,
female gender, and HT [3,4,14,15]. Therefore, it is clinically
important to accurately evaluate the relationship between
LV geometry [1] and LV myocardial contractility [8,9,16] in
patients with HT.

The LV myocardium consists of circumferential fibers in
the mid-wall layer and longitudinal fibers in the endocar-
dial and epicardial layers, and myofiber orientation changes
continuously from right-handed helix in subendocardium to
left-handed helix in subepicardium [17]. LV function is deter-
mined by the sum of contraction and relaxation in these
3 layers [18,19]. It may be indispensable to evaluate LV
myocardial contractility, even when the LV ejection frac-
tion is maintained, for clarifying the pathogenesis of isolated
diastolic heart failure.

The radial wall thickening and longitudinal torsion may
play an important role in blood ejection from the LV to the
aorta. Recently, the development of 2D strain imaging, in
which angle-independent strain measurement is possible,

has facilitated the rapid and detailed evaluation of regional
LV myocardial shortening or lengthening in the longitudinal
and circumferential directions, and thickening or thinning
in the radial direction [7—9], and longitudinal LV torsion or
untwisting [20,21].

In the present study, we clarified systolic LV dysfunction
in patients with HT and LVH, particularly with concentric
hypertrophy, by investigating LV myocardial deformation in
3 directions and longitudinal torsion, and concluded that this
disease condition is not considered to have pure or isolated
diastolic dysfunction.

Longitudinal LV function

A previous study indicated the physiologic impairment of
longitudinal myocardial contractility at the isovolumic con-
traction with healthy aging [5]. It has also been reported that
longitudinal LV contractility was decreased in patients with
HT [22], diabetes [23], hypertrophic cardiomyopathy [6], or
diastolic heart failure [24]. As the longitudinal myocardial
velocity at the isovolumic contraction is closely related to
max dP/dt [25], it was emphasized that pure or isolated dias-
tolic dysfunction is not common in healthy elderly subjects
[5] or patients with LV diastolic dysfunction [26].

The normal aging process promotes fibrosis of the suben-
docardial myocardium [27]. In addition, the connective
tissue content increases in patients with HT and LVH [28].
On the other hand, it is well known that myocardial fibro-
sis related to pressure overload appears frequently in the
subendocardial layer [29], and that there is a negative cor-
relation between longitudinal myocardial velocity and the
interstitial fibrosis content [30]. Based on these findings, we
can conclude that longitudinal LV systolic function is dete-
riorated in healthy elderly subjects and patients with HT,
regardless of the presence or absence of LVH.

Radial myocardial thickening

It is generally known that radial LV wall thickening is closely
associated with LV pump function, and that the radial func-
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tion is still maintained even when the longitudinal function
is deteriorated [31,32]. A recent study using 2D strain imag-
ing reported that longitudinal LV systolic function is first
impaired in subclinical patients with cardiovascular risk fac-
tors and preserved LV pump function, and radial thickening
is preserved, with an increase in circumferential shorten-
ing accompanying the decrease in longitudinal shortening,
resulting in maintenance of LV ejection fraction [9]. Wang
et al. [8] indicated that normal circumferential strain and
torsion contribute to a preserved LV ejection fraction in
patients with diastolic heart failure, although longitudinal
and radial strains are deteriorated.

In the present study, systolic longitudinal strain and strain
rate were significantly lower in all HT groups than in the con-
trol group. In addition, in the C-LVH group, systolic strains
and strain rates in all 3 directions were significantly lower
compared to the control group, and systolic strains in the 3
directions and systolic circumferential strain rate were sig-
nificantly lower compared to the other 2 HT groups. Also, it
was confirmed that the most important factor determining
the LV ejection fraction is systolic circumferential strain.

Some studies emphasized that mid-wall fractional short-
ening is decreased in patients with LVH even when the LV
ejection fraction is normal [33,34], and correlates closely
with the systolic circumferential strain determined using 2D
strain imaging [35]. Therefore, a compensatory increase in
circumferential shortening may be essential for maintaining
the LV ejection fraction, even in the presence of a decrease
in the longitudinal shortening [9].

LV torsion

In addition to radial myocardial thickening, longitudinal LV
torsion plays an important role in LV ejection. According
to previous studies, an increase in LV myocardial contrac-
tility [36], physiologic aging [37], and LVH [38] enhance
LV torsion, although LV systolic dysfunction [39] decreases
LV torsion. However, other studies emphasized that LV
torsion is unlikely to be altered by advancing age [40],
pericardial defects cause a lack of LV torsion while maintain-
ing LV regional myocardial function [41], and hypertorsion
may be a sensitive early marker of diastolic dysfunction
[42].

Torsion depends on the relative contractility of
the subendocardial and subepicardial myocardium
[13,18,43,44]. As a result, torsion is influenced by many
factors, such as a decrease in the coronary flow reserve in
the subendocardial myocardium [45], relative difference in
torque between the subendocardial and subepicardial sides
of the LV wall [37,38], and LV longitudinal length-related
changes related to the apical and basal rotation [46], in
patients with HT and LVH. Therefore, many complicated
factors must be considered in the assessment of clinical
significance of torsion.

In the present study, the LV ejection fraction in the
C-LVH group was maintained, although it was significantly
lower compared to the control group, despite deterioration
in myocardial shortening or thickening in all 3 directions;
therefore, normal LV torsion may function as a compen-
satory mechanism. The patient population of the present
study included fairly mild grades of LV diastolic stiffness

even in patients with C-LVH (E/e’: 10.3 £4.1). Further anal-
ysis should be explored to determine the LV systolic function
in patients with more stiffened LV.

Study limitations

In the present study, myocardial strain in each direction
was calculated as the mean value between the subendo-
cardium and subepicardium. Essentially, it is important to
separately examine the subendocardial and subepicardial
layers, for evaluating longitudinal shortening and LV torsion.
Some studies reported that tissue Doppler and strain imag-
ing are influenced by the loading conditions such as afterload
[47,48]. The influence of afterload was considerably elimi-
nated by antihypertensive medication for 2 months or less
in patients with HT enrolled in the present study, although
there was a significant difference in blood pressure com-
pared to the control group.

Conclusions

The systolic LV myocardial deformation was impaired in all
the longitudinal, circumferential, and radial directions in
patients with HT and concentric hypertrophy, whereas LV
torsion was preserved. In addition, the peak systolic cir-
cumferential strain was an independent predictor related
to LV ejection fraction. Accordingly, LV torsion and circum-
ferential shortening, particularly the latter, may be major
determinants for maintaining LV pump function.
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