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Left Ventricular Torsion in Hypertension and
Hypertensive Heart Failure

— 3-Dimensional Speckle Tracking Echocardiography Assessment —
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Makoto Iwama, MD, PhD; Takatomo Watanabe, MD, PhD; Hidemaro Sato, BSc;
Maki Nagaya, BSc; Koji Ono, MD, PhD; Toshiyuki Noda, MD, PhD;
Sachiro Watanabe, MD, PhD; Shinya Minatoguchi, MD, PhD; Masanori Kawasaki, MD, PhD

Background: Left ventricular (LV) torsion by contraction of inner and outer oblique muscles contributes to EF. Outer muscle plays
a predominant role in torsion. We evaluated the impact of LV remodeling by hypertension (HTN) on torsion using 3-dimensional
speckle tracking echocardiography (3D-STE).

Methods and Results: LV strain, strain rate during systole (SR-S) and torsion at endocardium, mid-wall and epicardium were
assessed on 3D-STE in 53 controls and 186 HTN patients. Torsion was defined as the difference between apical and basal rotation
divided by long axis length. LVEF and strain, SR-S and torsion in all 3 layers in HTN without LV hypertrophy (LVH) were similar to
those in controls. LV longitudinal strain at endocardium in HTN with LVH decreased, whereas LVEF was similar to that in controls
and, which was associated with increased torsion at epicardium. Reduced LVEF in hypertensive HF was associated with reduced
strain, SR-S and torsion in all layers and with LV dilation. On multivariate analysis, epicardial torsion was an independent determinant
of LVEF. At epicardial torsion cut-off 0.41, the sensitivity and specificity for the identification of HFrEF were 88% and 68%.

Conclusions: Torsion on 3D-STE may represent a compensatory mechanism to maintain LVEF despite reduced endocardial

function, suggesting that the deterioration of torsion caused by insult to outer muscle and dilation may lead to HFrEF.
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age, and hypertension (HTN), one of the most
important risk factors for HF, also increases with
age.13 The left ventricular (L'V) wall thickness is increased
in response to an elevated blood pressure as a compensatory
mechanism to reduce the LV wall stress in HTN.34 LV
torsion is increased in LV hypertrophy (LVH) with endo-
cardial damage to preserve the LV ejection fraction (EF),’
whereas LV torsion will be reduced with increasing trans-
mural damage, resulting in reduced EF. Alterations of the
LV structure, function, and torsional deformation in the 3
myocardial layers associated with HTN, however, have
not been fully examined on 3-dimensional speckle tracking
echocardiography (3D-STE).26-2
The orientation of myofibers changes across the LV
wall: from a right-handed helix in the endocardium,
circumferential orientation in the mid-wall to a left-handed
helix in the epicardium.z10 LV torsion caused by inner and

T he prevalence of heart failure (HF) increases with

outer oblique muscle plays an important role in squeezing
the blood out of the heart and may partly contribute to
LVEF. Reduced endocardial function could result in
reduced endocardial opposition to the dominant epicardium
and, thus, enhanced torsion.2 Therefore, LV remodeling
such as hypertrophy, fibrosis and dilation caused by HTN
may result in significant alterations of torsion. LV torsional
deformation is a sensitive index of LV performance, and it
therefore provides a useful index of myocardial mechanics,
but is difficult to measure.!! Using cardiac magnetic reso-
nance (MR), it was reported that LV endocardial torsion
is higher than epicardial torsion.!?

The heart is a complex mechanical organ that undergoes
cyclic changes in multiple dimensions.!3 High-volume real-
time 1-beat 3D-STE has enabled accurate evaluation of
LV performance including the LV layer function assessed
by strain and strain rate during systole (SR-S).614 Recently,
STE has been validated as an accurate measurement of LV
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Table 1. Patient Characteristics and Medication
Variable Control Hypertension HHF

LVH (-) LVH (+) HFpEF HFrEF
n 53 61 32 43
Age (years) 67+10 68+11 7011 79+12% 1 68+168
Female 18 (34) 20 (40) 34 (56) 18 (56) 18 (42)
BSA (m?) 1.63+0.20 1.64+0.21 1.63+0.24 1.52+0.20 1.66+0.23
SBP (mmHg) 124+13 133+16 137+14* 136+21* 135+29
DBP (mmHg) 7110 74+10 75+12 72+17 7721
HR (beats/min) 65+13 62+13 63+13 67+16 75171+
ACEI/ARB 33 (66 40 (66) 25 (78) 32 (74)
B-blockers 12 (2 11 (18) 20 (63)* 29 (67)*
Calcium antagonists 31 (62 37 (61) 20 (63) 21 (49)
Diuretics 12 (20) 9 (28) 11 (26)
Statins 15 (28) 16 (32) 27 (44) 24 (75) 32 (74)

Data given as mean+SD or n (%). *P<0.05 vs. control, 1P<0.05 vs. LVH (=), ¥P<0.05 vs. LVH (+), $P<0.05 vs.
HFpEF. ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin Il receptor blocker; BSA, body surface
area; DBP, diastolic blood pressure; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with
reduced ejection fraction; HHF, hypertensive heart failure; HR, heart rate; LVH, left ventricular hypertrophy; SBP,

systolic blood pressure.

rotation and torsion on comparison with sonomicrometry
in dogs and MR in humans.!516 The aims of the present
study were therefore to evaluate the impact of LV remodeling
caused by HTN on the LV layer function and torsion, and
to elucidate the features of hypertensive HF (HHF) using
3D-STE.

Methods

Subjects and Study Protocol

Two hundred and fifty-eight patients with HTN who had
systolic blood pressure (SBP) >140mmHg or diastolic
blood pressure >90mmHg before treatment and who were
treated with anti-hypertensive medication for >1 year, as
well as 60 normotensive controls, were prospectively
enrolled from January 2015 until April 2016. Hypertensive
heart disease is defined as the presence of not only LVH
but also complex changes in myocardial composition that
are responsible for the structural and functional remodeling
of myocardium in the absence of a cause other than HTN.
The normotensive controls were recruited from subjects
without HTN who were referred to hospital because of
chest discomfort and who underwent electrocardiography
and echocardiography without abnormal findings. Exclu-
sion criteria were poor echocardiographic recording,
presence of atrial fibrillation, moderate-severe valvular
heart disease, past history of surgery for structural heart
disease, cardiomyopathy and old myocardial infarction.
Patients with coronary artery disease (CAD) proven on
cardiac catheterization and diabetes mellitus were also
excluded. Patients with HTN were divided into 4 groups
according to the presence of LVH (LV mass index >115 g/m?
in male patients and >95 g/m? in female patients)!” or HHF:
HTN without LVH; HTN with LVH; HF with preserved
EF (HFpEF); and HF with reduced EF (HFrEF). A
diagnosis of HF was made according to the guidelines of
the European Society of Cardiology.!’® The HF group
consisted of patients with both symptoms of HF (New
York Heart Association class II or greater) and objective
signs of HF, such as LVEF <50% or E/e’>15 or congestion
and cardiomegaly on chest X-ray. The present study was

approved by the institution ethics committee, and all
patients gave informed consent before participation (IRB
number: G143).

LV Function and Structure on Conventional Echo-Doppler
A standard echo-Doppler examination was performed using
a SC2000 ultrasound system (Siemens Medical Solutions,
Mountain View, CA, USA) with a 4V1c transducer (1.25—
4.5MHz). Echocardiographic measurements were made
according to the American Society of Echocardiography
criteria.l” LVEF was measured using a biplane modified
Simpson’s method. The LV mass was calculated using the
2-D area-length method and indexed for body surface area
(LVMI). Doppler measurements of mitral inflow E-wave
and A-wave velocity were made from the apical 4-chamber
view, and mitral annular tissue velocity during early filling
(e’) was measured at the septal mitral annulus to obtain
E/e’ as an index of LV filling pressure. The pulmonary
capillary wedge pressure (PCWP) was estimated using the
kinetics-tracking (KT) index, as previously reported.'?-20
PCWP estimated by the KT index (¢PCWP) and LV systolic
stress were calculated using the following formulas:

ePCWP=10.8—12.4xlog(left atrial active emptying
function/left atrial minimum volume index);!®

LV systolic stress=0.334xSBPxLYV end-systolic dimension/
{LV end-systolic thickness (1+LV
end-systolic thickness/LV end-systolic
dimension)} K dynes/cm?.4

LV Performance on 3D-STE
We previously reported the feasibility of the novel high-
volume 3D-STE for assessment of the LV layer function
including LV strain and SR-S with good reproducibility.2
A full-volume scan can be acquired from only 1 heart beat
with an apical approach using the SC2000 with the 4Z1c
3-D volumetric transducer. The recently developed software
was applied to automatically divide the LV into 16 segments
and calculate the LV strain, SR-S and torsion in the 3 layers
with high volume rates.6-20

LV contractility may be estimated with LV strain and
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Figure 1. Full-volume acquisition and automated measurement of the left ventricle (LV) using high-volume 3-D speckle tracking
echocardiography. (Upper) Automatic tracing of endocardial and epicardial borders of a 4-slice display for full-volume acquisition:
1 apical 4-chamber view and 3 short axis views. (Lower left) Time-strain curve obtained from the novel software at 70 vps; (Lower
right) 3-D image of the LV. AO, aortic valve opening; MO, mitral valve opening.

Figure 2. Time-left ventricular torsion
curve at the (upper line) endocardium,
(middle line) mid-wall, and (lower line)
epicardium. AO, aortic valve opening;
MO, mitral valve opening.

SR-S using tissue Doppler echocardiography imaging
(TDI) and STE.1321.22 We measured the LV strain in 3
directions and SR-S in the longitudinal and radial directions
at the 3 layers as an index closely related to contractility.
The time-LV torsion curve in the 3 myocardial layers is
obtained using 3D-STE and the average of torsion of the
3 layers was used as global torsion. The ratio between LV
global torsion and stroke volume (Torsion/SV) was calcu-
lated to estimate the effect of torsion compensation with
LV volume change, a higher ratio of which represents a
higher compensation of torsion for a lower SV.2 The ratio
between LV global torsion and LV strain (Torsion/strain)

was adopted to estimate torsion relative to myocardial
dysfunction, with a higher ratio representing a higher
degree of myocardial dysfunction.?425

Reliability and Reproducibility of LV Torsion on 3D-STE
We examined the interobserver variability of LV torsion
measured on 3D-STE in 25 randomly selected recordings
that were measured by 2 observers using 3D-STE in a
blind manner. Similarly, we determined the intraobserver
variability of torsion in 25 randomly selected recordings
that were measured twice by 1 observer.
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Table 2. Echocardiography Parameters vs. Modality
Variable Control Hypertension HHF
LVH (-) LVH (+) HFpEF HFrEF

LVESD (mm) 28.7+3.3 28.0+4.5 29.8+6.0 29.4+5.1 45.5+10.3* 148
LVEDD (mm) 45.6+4.1 45.5+6.3 47.7+5.5 44.9+4.8 55.6+£10.6*1+§
LVTED (mm) 9.1+1.1 9.6+1.5 11.2+£2.0%t 11.4+£1.9%t 11.6+£2.3*t
LVTES (mm) 13.6+2.1 13.4+2.3 14.8+2.9 15.1+2.6 14.8+2.4
3D-STE

LVESV (mL) 37.8+12.0 37.8+18.7 45.8+20.9 46.2+20 108.6+47.8* 1.8

LVEDV (mL) 87.5+22.9 87.73+9.5 92.3+25.1 89.1+£30.7 153.8+56.6™ 18§
SV (mL) 50.9+13.0  49.9+235 46.5+10.2 42.9+13.1 46.4+14.4
LV mass index (g/m?) 90+18 93+19 130+32*t 128+37* 1+ 177+62*1+8
LVEF (%) 67+6 685 68+7 64+9 37+9% 148
E/e’ 9.3+2.7 11.0+£3.3 12.1+5.2 16.9+8.3% 1+ 15.6+£8.0%1+8§
ePCWP (mmHg) 7.4+2.9 7.61+4.6 9.0+4.3 14.7+4.5%1+ 16.8+5.3* 1+
Systolic stress (K dynes/cm?) 62+19 65+22 6527 62123 107+40% 148

Data given as mean+SD. *P<0.05 vs. control, tP<0.05 vs. LVH (=), ¥P<0.05 vs. LVH (+), 5P<0.05 vs. HFpEF.
3D-STE, 3-D speckle tracking echocardiography; E, early mitral inflow velocity; €’, mitral annular early diastolic tissue
velocity. ePCWP, estimated pulmonary capillary wedge pressure; HFpEF, heart failure with preserved ejection fraction;
HFrEF, heart failure with reduced ejection fraction; HHF, hypertensive heart failure; LVEDD, left ventricular end-
diastolic dimension; LVEDV, left ventricular end-diastolic volume; LVEF, left ventricular ejection fraction; LVESD, left
ventricular end-systolic dimension; LVESV, left ventricular end-systolic volume; LVH, left ventricular hypertrophy;
LVTED, left ventricular thickness at end-diastole; LVTES, left ventricular thickness at end-systole; SV, stroke volume.

Table 3. LV Deformation Parameters on Real-Time 1-Beat 3D-STE

. Hypertension HHF
Variable Control
LVH (-) LVH (+) HFpEF HFrEF

Radial strain

Endocardium 35.7+8.1 36.1+£8.4 33.0+8.6 30.4+11.3*1 20.0+6.1* 148§

Mid-wall 34.6+7.9 35.1+8.1 31.7+£8.2 29.7+10.5%t 20.0+6.1* 148

Epicardium 33.4+8.1 34.0+8.0 30.5+8.2 29.1+10.2%t 20.0+6.1* 148
Radial SR-S (/s)

Endocardium 2.68+0.81 2.60+0.60 2.40+0.63 2.31x0.97*t 1.7320.60* 14§

Mid-wall 2.45+0.77 2.36+0.52 2.25+0.63 2.13+0.84*t 1.62+0.52* 148

Epicardium 2.15+0.63 2.09+0.46 2.03+0.52 1.84+0.70"t 1.52+0.48* 14§
Longitudinal strain

Endocardium -19.2+3.2 -18.0+4.3 -16.0+4.5* -14.5+6.1*1 —10.5+4.2% 148

Mid-wall -15.0£2.4 -13.9+£3.0 -12.7+£3.3 —11.3+4.4*1t —8.3+3.0* 148

Epicardium -10.7+£2.3 -9.7+2.2 -9.5+2.7 -8.1+3.2*t —6.0+2.3* 145§
Longitudinal SR-S (/s)

Endocardium —-1.54+0.57 -1.44+0.36 —-1.42+0.41 -1.27+0.74*1 —-1.13+0.40*1+$§

Mid-wall —-0.84+0.30 -0.82+0.29 -0.78+0.29 -0.71+0.43*1 -0.67+0.28*1+$§

Epicardium —-0.46+0.19 -0.45+0.21 -0.44+0.17 -0.36+0.25 -0.36+0.18*1:+§
Circumferential strain

Endocardium —29.3+5.6 —29.5+8.2 -26.4+6.4 —24.8+5.1 —15.5+5.3* 14§

Mid-wall -19.4+3.9 -19.6+5.2 -18.0+4.2 -16.9+3.7 -10.7+3.4* 148

Epicardium -9.5+3.6 -9.8+3.1 -9.7+3.0 -9.0+3.0 -5.9+2.8* 145§
Torsion (°/cm)

Endocardium 2.48+0.34 2.44+0.42 2.32+0.30 2.19+0.49%t 1.91+0.31* 148

Mid-wall 1.18+0.22 1.25+0.30 1.32+0.31 1.21+0.31 0.98+0.20* 145§

Epicardium 0.48+0.22 0.55+0.28 0.64+0.26* 0.56+0.30 0.33+0.15* 148§
Global torsion (°/cm) 1.38+0.20 1.43+0.30 1.50+0.31 1.33+0.31 1.04+0.17%1+8
Global twist (°) 8.6+1.4 8.9+1.7 9.4+1.5* 9.4+2.0 8.9+1.9
Torsion/longitudinal strain —0.09+0.02 —0.10+0.03 -0.12+0.04* —0.13+0.05* —0.15+0.07*1+§
Torsion/SV 0.029+0.008 0.034+0.016 0.034+0.012 0.036+0.015* 0.025+0.0091+§
Torsion at epicardium/SV 0.010+0.006 0.013+0.009 0.014+0.007* 0.015+0.008* 0.008+0.004t+$§

Data given as mean+SD. *P<0.05 vs. control, TP<0.05 vs. LVH (), ¥P<0.05 vs. LVH (+), $P<0.05 vs. HFpEF. LV, left ventricular; SR-S, strain

rate during systole. Other abbreviations as in Table 2.
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Figure 3. Left ventricular (LV) deformation parameters at endocardium (endo), mid-wall (mid) and epicardium (epi) in controls,
patients with hypertension (HTN) with or without LV hypertrophy (LVH), and patients with heart failure with preserved ejection
fraction (HFpEF) and heart failure with reduced ejection fraction (HFrEF): (A) radial strain and strain rate during systole (SR-S); (B)
longitudinal strain and SR-S; (C) circumferential strain; and (D) LV torsion. *P<0.05 vs. control, TP<0.05 vs. HTN LVH (-), ¥P<0.05
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Statistical Analysis

Continuous variables are expressed as mean+SD, and
categorical variables as frequency and percentage. Differ-
ences between groups for the categorical variables were
assessed using chi-squared test or Fisher’s exact test, and
differences between groups for the continuous variables
were assessed using analysis of variance followed by
Bonferroni test for post-hoc comparisons. Multivariate
logistic analysis was performed to determine the indepen-
dent features of HFpEF and HFrEF in the HTN groups
because HTN is a major risk factor of HF. Receiver
operating characteristic (ROC) curve analysis was used to
discriminate patients with HFpEF and HFrEF based on
the parameters derived using 3D-STE, and we determined

the sensitivity, specificity, positive and negative predictive
values (PPV and NPV) and area under the curve (AUC).
P<0.05 was considered significant. All analyses were
performed using SPSS version 21.0 (IBM).

Results

Subjects

We enrolled 273 patients with HTN and 60 normotensive
controls. Patients with poor echocardiographic recording
(n=8), atrial fibrillation including 15 patients with HFpEF
(n=27), valvular heart disease (n=13), past history of cardiac
surgery (n=6), cardiomyopathy (n=6), myocardial infarc-
tion (n=10), CAD (n==8) and diabetes mellitus (n=16) were
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Table 4. Multivariate Indicators of HFpEF and HFrEF

Category B SE Wald OR 95%Cl P-value
Lower Upper
A. HFpEF (n=143)*
Torsion at endocardium -1.435 0.627 5.231 0.238 0.070 0.814 0.022
ePCWP 0.259 0.057 20.478 1.295 1.158 1.449 <0.001
Age 0.091 0.028 10.353 1.095 1.036 1.157 0.001
B. HFrEF (n=186)t
E/e’ -0.1199 0.0612 3.8431 0.8870 0.7868 1.0000 0.0499
Longitudinal strain at epicardium 0.6695 0.1810 13.6853 1.9533 1.3700 2.7850 0.0002
Torsion at endocardium -1.4758 0.8882 2.7609 0.2286 0.0401 1.3034 0.0966
Torsion at epicardium -7.2277 2.6269 7.5705 0.0007 0.0000 0.1250 0.0059
ePCWP 0.2741 0.0757 13.0956 1.3153 1.1339 1.5258 0.0003
Systolic stress 0.0313 0.0099 9.8717 1.0318 1.0118 1.0521 0.0017
*Hypertension and HEpEF; thypertension and HHF. SE, standard error. Other abbreviations as in Table 2.
Table 5. Prediction Ability of HF Features
Category AUC P-value Cut-off  Sensitivity Specificity PPV NPV
A. Features of HFpEF (n=143)*
Torsion at endocardium (°/cm) 0.68 0.002 2.11 69 75 44 89
Age (years) 0.76 <0.001 74.5 69 70 40 89
ePCWP (mmHg) 0.85 <0.001 11.02 78 76 48 92
B. Echocardiography features of HFrEF (n=186)t
E/e’ 0.622 0.016 12.2 63 62 33 85
Longitudinal strain at epicardium 0.872 <0.001 -7.3 79 80 54 93
ePCWP (mmHg) 0.836 <0.001 12.1 84 73 48 94
Systolic stress (K dynes/cm?) 0.838 <0.001 86.1 72 89 66 91
Torsion at epicardium (°/cm) 0.805 <0.001 0.41 88 68 45 95
Global Torsion (°/cm) 0.874 <0.001 1.15 70 86 60 90

*Hypertension and HEpEF; thypertension and HHF. AUC, area under the curve; NPV, negative predictive value; PPV, positive predictive

value. Other abbreviations as in Table 2.

excluded. Accordingly, 186 patients with HTN (50 patients
without LVH, 61 patients with LVH [44 patients with
concentric LVH and 17 patients with eccentric LVH], 32
patients with HFpEF and 43 patients with HFrEF) and 53
controls were finally enrolled. Patient characteristics are
listed in Table 1.

Reproducibility of LV Torsion on Novel 3D-STE

The intraobserver correlation coefficient and variability in
LV global torsion measured using the novel 3D-STE were
0.96 and 0.0£7.0%, respectively. The interobserver correla-
tion coefficient and variability in LV global torsion using
the novel 3D-STE were 0.95 and 0.5+7.2%, respectively.

Echocardiography Parameters

LV layer strain, SR-S and torsion were obtained in <3 min
(145+10s) using 3D-STE at a volume rate of 69+6vps
(range, 59-86vps) and the novel software (Figures 1,2).
Data from standard and conventional echo-Doppler and
LV deformational parameters assessed on 3D-STE are
given in Tables 2,3. LV strain, SR-S and torsion are shown
in Figure 3. LVEF, strain, SR-S and torsion in all 3 layers
in HTN without LVH were similar to those of controls.
The LV longitudinal strain at the endocardium was
reduced in HTN with LVH, whereas LVEF was similar to
that of controls which are related with increased torsion at

the epicardium. LVEF in HFpEF was also preserved in
association with a preserved global torsion and increased
Torsion/SV despite decreased strain in all 3 layers in the
radial and longitudinal directions, and a decrease in all
SR-S except longitudinal SR-S at the epicardium. LVEF
in HFrEF was the most markedly decreased of the 5
groups, associated with not only a reduced LV strain and
SR-S in all 3 layers, but also a reduced torsion in all 3
layers. Patients with HFrEF had a significantly larger LV
end-diastolic diameter than others, and larger diameter
was associated with reduced torsion (r=—0.39, P<0.01). In
contrast, LV global twist was not decreased in HFrEF.
The amplitudes of peak torsion at the epicardium and
global torsion in the total subjects were correlated with
LVEF (epicardium, r=0.33; global torsion, r=0.50; both
P<0.001). Peak torsion at the endocardium in the controls
was significantly greater than the corresponding torsion at
the mid-wall and epicardium by 52% and 80%, respectively.
The decreasing LV layer torsion from endocardium to
epicardium was observed in all groups. LV epicardial
torsion/SV increased in HTN with LVH and HFpEF,
whereas that and global torsion/SV decreased in HFrEF.
LV global torsion/longitudinal strain was the largest in
HFrEF of the 5 groups.
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Independent Features of HFpEF and HFrEF on
Echocardiography

Multivariate logistic analysis was performed to determine
the independent echocardiographic variables associated
with HFpEF and HFrEF, but parameters showing strong
multicollinearity were excluded. ePCWP showed a stronger
association with HFpEF (Table 4A). Using 11.02mmHg
as an optimal cut-off from ROC curve analysis, the sensi-
tivity and specificity for HFpEF were 78% and 76%,
respectively, and the PPV and NPV were 48% and 92%,
respectively, with an AUC of 0.85 (Table 5A). LV epicardial
torsion showed a stronger association with HFrEF
(Table 4B). Using 0.41°/cm as an optimal cut-off from ROC
curve analysis, the sensitivity and specificity for HFrEF
were 88% and 68%, respectively, and the PPV and NPV
were 45% and 95%, respectively, with an AUC of 0.81
(Table 5B). Furthermore, using a global torsion cut-off of
1.15 from ROC curve analysis, the sensitivity and specificity
for HFrEF were 70% and 86%, respectively, and the PPV
and NPV were 60% and 90%, respectively, with an AUC
of 0.87 (Table 5B).

Discussion

This is the first study to examine LV layer torsion in HTN
and HHF using high-volume real-time 1-beat 3D-STE. We
showed that LVEF in HTN with LVH was preserved,
accompanied with increased torsion at the epicardium
despite decreased longitudinal strain at the endocardium,
and that LVEF in HFpEF was also preserved, in association
with preserved global torsion and increased torsion/SV
despite a decreased LV strain and SR-S. We also demon-
strated that the LV layer torsion and global torsion in
HFrEF were all decreased in association with reduced
strain and SR-S in the 3 layers in all directions, and with
LV dilation. This suggested that LV remodeling in HTN
with LVH and HFpEF could cause a myocardial insult in
an endocardial layer, resulting in reduced endocardial
function and relatively enhanced outer oblique muscle
function and epicardial torsion to preserve LVEF as a
compensatory mechanism. When myocardial insult caused
by HTN progresses through the entire myocardial layer, LV
epicardial function becomes impaired, accompanied by LV
dilation and reduced torsion, which may lead to HFrEF.

LV Myocardial Layers and LV Torsion
The LV is composed of 3 myocardial layers and the orien-
tation of myofibers gradually changes across the LV
wall.210.26 Chitiboi et al examined LV layer torsion using
MR, and found that LV torsion at the endocardium is
higher than that at the epicardium.!? It is useful to know
the cardiac micro- and macro-architectures in order to
understand the relative contributions of different myocar-
dial layers to the 3-D components of myocardial deforma-
tion and torsion.?” The subendocardial fibers may be more
susceptible to dysfunction than the mid- and epicardial
fibers.28 This impairment of the subendocardial fibers also
leads to attenuated subendocardial right-handed helix fiber
shortening during systole, potentially resulting in a failure
to fully counterbalance the subepicardial left-handed helix
fiber shortening, and resulting in increased circumferential
deformation and torsional deformation as well.?-3

LV torsion plays an important role in squeezing the
blood out of the heart and may partly contribute to EF with
a more efficient contraction.3!32 Although the amplitude

of peak rotation in the epicardium is lower than that in
the endocardium, the LV outer oblique muscle plays a
predominant role in LV torsion,!® because the outer oblique
muscle is at a greater radius from the LV central long axis
and thus has longer arms than the inner muscle to produce
a greater moment. Moreover, the epicardium contains
more fibers in a given epicardial volume shell than an
endocardial volume shell of the same thickness. Therefore,
global LV torsional deformation appears to be controlled
by the epicardial myocardium. Furthermore, LV dilation
is associated with stretching and reorientation of the muscle
bundles in such a manner that the relative angle between
the main fiber bundles is reduced, with fibers in both layers
coursing more circumferentially, resulting in reduction of
torsion.

Therefore, insult to the endocardium by HTN enhances
the LV epicardial function, resulting in increased epicardial
torsion, as we demonstrated.

Utility of 3-D Strain Echocardiography in LV Torsion
Assessment

The heart is a complex mechanical organ that undergoes
cyclic changes in multiple dimensions that ultimately effect
a change in the chamber volume, function and deforma-
tion.!3 LV deformation is characterized by torsion as
well as longitudinal, radial and circumferential motion.
Although myocardial deformation in 3 directions can be
quantified and LV twist can be measured on 2D-STE,
which was validated against sonomicrometry and tagged
MR, assessment of LV torsion as an index of LV defor-
mation in 4 dimensions on echocardiography has been
methodologically challenging, because real-time 1-beat
3D-STE is an emerging technology, and the distance
between the basal and apical short axis slices is difficult to
accurately assess simultaneously with measurement of the
basal and apical rotation using conventional echocardiog-
raphy.2 Although 3D-STE could eliminate the confounding
effects of through-plane myocardial motion, the lower
temporal and spatial resolution of low-volume 3D-STE
could adversely affect the accuracy of 3D-STE measure-
ment. In contrast, high-volume real-time 1-beat 3D-STE
enables more accurate evaluation of the torsion and SR
without stitching image, and measurement of the peak of
those indexes because of the higher temporal and spatial
resolution. Thus, the complex mechanics of LV torsion
may be best represented by high-volume novel real-time
1-beat 3-D strain echocardiography.

LV Torsion in HTN and HHF

HTN can lead to LV macro- and microvascular abnor-
malities and interstitial fibrosis.3? Given that the endocar-
dium is the most susceptible to the deleterious effects of
interstitial fibrosis and hypoperfusion, endocardial function
can deteriorate at an earlier stage.? In the present study,
LV torsion of the 3 layers was the smallest in HFTEF of the
5 groups. Yoneyama et al reported that given that the
oblique fiber structure of the endocardium and epicardium
is oriented in different directions, a reduced endocardial
function may alter the balance between opposing rotational
forces and, thus, result in enhanced torsion on MR.2 We
showed that LV epicardial torsion in HTN with LVH
increased in association with a reduced endocardial function
and that LV torsion in all layers in HFrEF decreased in
association with reduced LV strain and SR-S at the epi-
cardium, as well as at the endocardium and mid-wall on
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3D-STE. This may indicate that LV layer remodeling
alters the balance of rotational forces and influences LV
layer torsion. Therefore, the present study suggests that
LV torsion is an important indicator of cardiac perfor-
mance, reflected by the layer function, and that LVH,
fibrosis and dilation caused by HTN could result in
significant alterations of torsion.

Wang et al reported that LV twist reduced in patients
with systolic HF associated with a reduced longitudinal,
radial and circumferential strain, but that twist was not
reduced in patients with diastolic HF accompanied with
preserved circumferential strain.3 In contrast, in the present
study the LV twist in HFrEF was similar to that in the
controls, and twist in HTN with LVH was the highest in
the 5 groups. This suggests that normalized torsion may
more accurately reflect the LV layer function and LV
performance than twist. Therefore, LV torsion may reflect
LV structural as well as functional remodeling.

A transmural insult or progression of disease results in
concomitant mid-wall and epicardial dysfunction, leading
to reductions in LV torsion mechanics and LVEF .35 In the
present study, Torsion/SV in HFpEF was increased
compared with the control, and that in HFrEF was
decreased compared with HTN with or without LVH and
HFpEF, suggesting that compensation for torsion might be
impaired in HFrEF. Furthermore, Torsion/SV in HFrEF
was low regardless of having the same SV as that in
HFpEF, which shows that the preserved SV in HFrEF in
the present study was thought to be due not to LV torsion
but to LV dilation (large LV end-diastolic volume).

Torsion/strain was the highest in HFrEF of the 5 groups,
suggesting a higher degree of LV dysfunction in HFrEF.
On multivariate logistic analysis, reduced epicardial torsion
and reduced longitudinal strain at the epicardium are
independent features of HFrEF in HTN groups. Thus,
understanding the layer-based contributions to the compo-
nents of cardiac deformation, especially torsion, helps in
correctly estimating the transmural disease burden due to
HTN and provides pathophysiologic insight into the
mechanisms of LV dysfunction.

Study Limitations

There are several limitations in the present study. First, we
could not validate the values of torsion obtained on real-
time 1-beat 3D-STE using MR as a reference standard.
Although validation of 3D-STE on assessment of the LV
function and rotation has been performed in animal studies
using sonomicrometry as the reference standard,® and
validation of the value of torsion derived from 2D-STE has
been performed in humans using MR ,¥ several studies still
examined LV torsion using STE without validation.3s Of
course, further validation studies of this novel 3D-STE
against highly accurate references are needed. Second, the
number of patients with HFpEF and HFrEF was small.
LV twist has been reported to be preserved or increased in
HFpEF, and reduced in HFrEF 3438 whereas, in the present
study, LV torsion but not twist was reduced in HFrEF.
Thus, further studies with larger patient groups including
HFrEF and HFpEF are needed. Finally, we cannot deny
the possibility that we enrolled patients with cardiomyopathy
complicated with HTN as HFrEF.

Conclusion

LV torsion may represent a compensatory mechanism to

maintain an adequate stroke volume and LVEF despite
reduced systolic function at the endocardium by the relative
enhancement of torsion at the epicardium. Deterioration
of LV torsion, which reflects an insult to the total layer,
including the outer oblique muscle, could lead to HFrEF
with LV dilation. LV torsion may reflect LV structural and
functional remodeling, and the assessment of LV torsion
on 3D-STE may be useful to understand the mechanism of
LV systolic performance and to detect LV layer insult in
HTN and HHF.
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