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oriented. This opposite orientation causes the base and
apex to rotate in opposite directions and creates torsion.
The LV torsion, which is also non-uniform across the
transmural direction [6-10], tends to equalize the
sarcomere shortening and the mechanical loading
between the endocardial and epicardial layers [11-14],
thus equalizing the energy demand distribution across the
myocardium [7].
The purpose of this study was to measure in normal
subjects, by echocardiography, the transmural gradient of
the circumferential strain and LV rotation at three short
axis levels, thus allowing the calculation of the torsion
across the wall.

Abstract
Functional echocardiographic imaging, based on
speckle tracking, has recently gained widespread use. It
provides valuable clinical information, but only the
longitudinal or circumferential strains are provided.
Assessing these measures across the wall has immense
diagnostic information. The purpose of this study was to
employ a novel technique that allows measuring the left
ventricular transmural kinematics in normal subjects.
A novel smoothing technique was developed for a
speckle tracking imaging program, called 2D-strain, to
achieve spatial transmural resolution analysis, and then
applied to standard echocardiographic cines. The results
show heterogeneity of the left ventricular rotation and
circumferential strain across the wall, with large values
for the inner layer, and smaller ones for the outer layer.
Using standard echocardiography, transmural
analysis is feasible, and it may provide early diagnosis of
different pathologies that were difficult to attain before.

1.

2.

The study included 10 healthy adult human subjects.
The subjects underwent standard 2D ultrasound scan by
VIVID VII system (GE Healthcare Inc). Subjects were
included in the study if the clinical examination, the 2Decho and the echo-Doppler examinations were all normal.
In this study, 3 levels of short axis acquisitions were
analyzed, to evaluate the myocardial velocities during the
heart cycle along the circumferential direction, across the
wall and at different levels. The circumferential strain
and the rotation were estimated off-line, for three
myocardial layers.
The method is based on ‘2D-strain’, a speckle tracking
imaging program on which a commercial product exists
(UFI, GE Healthcare Inc.). The ‘2D-Strain’ algorithm
tracks
reflectors
imaged
by
standard
2D
echocardiographic cines, which are provided by a VIVID
VII ultrasound system. By tracking the strong reflectors
in the B-mode images from frame to by frame [15], it
assigns the processed/filtered values in each region to a
‘tracking point’. The method imposes a grid of such
tracking points on the imaged cross-section of the
myocardium. It evaluates the velocity of each tracking
point on the grid, according to the region surrounding it.

Introduction

The left ventricle (LV) is composed of mayo-fibers that
create a complex three-dimensional structure. The mayofibers are oriented circumferentially, with a well-ordered
distribution of fiber angles versus the LV circumferential
direction, from about -60° at the epicardium to about 60°
at the endocardium. The macro-structure of a normal LV
can be described as a cone [1]. During contraction the
conical LV shrinks, and due to the incompressibility of
the myocardium the circumferential strain becomes larger
in the endocardium than in the epicardium. This
transmural gradient of the circumferential strain was
measured by tagged MRI [2-5].
The transmural gradient of the sarcomere shortening
could have been much larger unless the fibers at the inner
and outer layers of the myocardium were oppositely
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Thus a velocity function for each short axis slice is
obtained: it has 3 dimensions, one along the
circumferential orientation (with 50-60 samples), one
across the myocardial wall (the radial orientation, with 4
samples), and one along time (along one cardiac cycle,
50-70 samples according to the frame rate). This velocity
function serves as the raw-data for the novel. In order to
achieve high spatial resolution, a new smoothing
procedure of 3D wavelet de-noising was applied [16].
The rotation of every myocardial layer was evaluated as
described by Notomi et al. [17], and the circumferential
strain was evaluated as described by Rappaport et al.
[15].
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Figure 2 – Theoretical (dashed line) and measured
(smooth line) rotation [Deg] and circumferential strain
[%] at different layers (radii in cm). The mean value of
rotation error, at the last frame, is 0.85 degrees.

Computerized phantom results

A computerized rotating phantom was modified to
perform an inhomogeneous movement (of 0.5 sec
duration) with different angular velocities: the angular
velocity was maximal in the outer layer (0.2 rad/sec) and
was linearly reduced with the radius, towards the inner
layer (Fig. 1). The measured rotation and circumferential
strain were estimated and compared with the theoretical
values for 6 layers (Table 1 and Fig. 2). The mean
absolute error of the maximal rotation, measured in the
last frame, was 0.85 [Deg] and the mean absolute error of
the circumferential strain in the last frame was 1.1 [%].

3.2.

Clinical results

Results from 10 normal subjects are presented below.
Some cines loops were not at good enough quality, and
could not be analyzed due to low tracking quality. It can
be seen in Tables 2 and 3 that the rotation, torsion and
circumferential strain obtain the largest values at the
endocardium and their values are smaller towards the
epicardium. The bar plots in Figs. 3-5 show the peak
rotation, torsion and circumferential strain and their
standard deviations, respectively. Table 4 summarizes the
results of paired T-test that was done for every pair of
layers.
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Layer

Rotation
Rotation
Rotation
Torsion
[Deg]
[Deg]
[Deg]
[Deg]
AP (N=7) PM (N=10) MV (N=9)
(N=7)
Endo
9.0±3.3
1.3±2.4
-5.1±1.8
12.9±3.5
Mid
6.4±2.4
1.4±2.0
-3.7±1.3
9.0±2.7
Epi
4.7±1.8
1.5±1.7
-2.8±1.4
6.1±2.6
Aver
6.6±2.4
1.4±2.0
-3.8±1.3
9.3±2.8
Table 2 – Peak Rotation for three myocardial layers and
the average value in three levels of short axis crosssections – Apex (AP), Papillary muscles (PM) and Mitral
valve (MV). The last column represents the torsion that
was calculated between the AP and MV levels. N =
number of analyzed subjects. Values are mean ± standard
deviation.
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Figure 1 – The arrows represent the velocities of the
rotating phantom. The inhomogeneity in the radial
direction is preserved while using Wavelet de-noising.
0.79
1.02
1.22
1.45
1.66
1.88
radius
-9.1
-12.2 -15.3 -18.4 -21.5 -24.5
real rotation
-10.3 -12.6 -16.1 -19.2 -22.5 -25.4
measured rot.
0
0
0
0
0
0
real circ strain
measured circ st. -3.4
-1.6
-0.5
-0.2
0.6
0.3
Table 1 – Theoretical and measured rotation [Deg] and
circumferential strain [%] at different layers (radii in cm).
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Short axis
slice

P value for
rotation
difference
Endo-Mid
0.001
AP
Mid-Epi
0.005
Endo-Epi
0.005
Endo-Mid
NS
PM
Mid-Epi
NS
Endo-Epi
NS
Endo-Mid
0.005
MV
Mid-Epi
0.01
Endo-Epi
0.005
Table 4 – Results of paired T-test for
myocardial layers. NS = not significant.
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Figure 3 – Peak rotation of the myocardial layers,
acquired at three levels of short axis cross sections.

Layers

P value for
circ strain
difference
0.005
0.0005
0.001
0.01
0.05
0.05
0.0005
0.0005
0.0005
every pair of
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In this study it is demonstrated that it is possible to
achieve strain analysis at high spatial resolution, based on
the common B-mode echocardiography.
The information that is gained from the transmural
gradient measurements is important for both diagnosis
and therapy. For example, aortic stenosis patients suffer
from left ventricular hypertrophy. In some cases, after
valve replacement the hypertrophy is reduced, and the
LV returns to its normal function. Mathematical models
reported by Art et al. [6], show that left ventricular
hypertrophy increases the transmural gradient of the LV
torsion; thus measuring this gradient may provide
information regarding the patient’s condition and the
probability of success or failure of the therapy. Another
interesting case is LV ischemia. It may be feasible to
distinguish between transmural and non-transmural
ischemia by utilizing the method presented here.
The method is limited, though, by the image quality. In
some cases it is impossible to obtain satisfying image
quality, even when an experienced technician scans the
patient, limiting the applicability of the method.
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Figure 4 – Mean peak torsion of myocardial layers,
measured between the AP and MV short axis cross
section.
Layer

Circ Strain Circ Strain Circ Strain
[%]
[%]
[%]
AP (N=7)
PM (N=10) MV (N=9)
Endo
-30.9±9.6
-26.0±9.8
-23.3±8.1
Mid
-21.3±6.6
-19.1±5.2
-17.1±5.6
Epi
-14.1±5.2
-13.2±7.0
-11.5±3.7
Aver
-21.8±6.8
-19.3±5.3
-17.2±5.7
Table 3 – Peak circumferential strain for three myocardial
layers and the average value in three levels of short axis
cross-sections – Apex (AP), Papillary muscles (PM) and
Mitral valve (MV). N = number of analyzed patients.

Acknowledgements
AP

PM

This study was partly funded by the Chief Scientist, the
Ministry of Industry and Commerce “Magneton” project, and
the Technion VP for Research. The authors are grateful for this
generous support.

MV

0

Circ Strain [%]

-5
-10
-15

endo

-20

mid

-25

epi

-30

References
[1] Azhari H.; Beyar R.; Sideman S. On the human left
ventricular shape, Computers and Biomedical Research,
1999; 32(3): 264-282.
[2] NR Clark, N Reichek, P Bergey, EA Hoffman, D
Brownson, L Palmon and L Axel. Circumferential
myocardial shortening in the normal human left ventricle.

-35
-40
-45

Figure 5 – Peak circumferential strain of the myocardial
layers at three levels of short axis cross sections.

819

[3]

[4]

[5]

[6]
[7]

[8]

[9]

[10]

[11]

Assessment by magnetic resonance imaging using spatial
modulation of magnetization. Circulation, 1991; 84: 67-74.
CM Kramer, N Reichek, VA Ferrari, T Theobald, J
Dawson and L Axel. Regional heterogeneity of function in
hypertrophic cardiomyopathy. Circulation, 1994; 90: 186194.
Moore CC, Lugo-Olivieri CH, McVeigh ER, Zerhouni
EA.Three-dimensional systolic strain patterns in the
normal human left ventricle : Characterization with tagged
MR imaging. Radiology, 2000; 214(2): 453-466.
Bogaert J, Rademakers FE. Regional nonuniformity of
normal adult human left ventricle. Am J Physiol Heart Circ
Physiol. 2001; 280(2):H610-20.
Arts T, Reneman RS. Dynamics of left ventricular wall and
mitral valve mechanics. J Biomech. 1989; 22(3):261-71.
Beyar R, Sideman S. Effect of the twisting motion on the
nonuniformities of transmyocardial fiber mechanics and
energy demand. IEEE Trans Biomed Eng. 1985;
32(10):764-9.
Maier SE, Fischer SE, McKinnon GC, Hess OM,
Krayenbuehl HP, Boesiger P. Evaluation of left ventricular
segmental wall motion in hypertrophic cardiomyopathy
with myocardial tagging. Circulation. 1992;86:1919 –
1928.
Young AA, Kramer CM, Ferrari VA, Axel L, Reichek N.
Three-dimensional left ventricular deformation in
hypertrophic
cardiomyopathy.
Circulation.
1994
;90(2):854-67.
Azhari H, Buchalter M, Sideman S, Shapiro E, Beyar R. A
conical model to describe the nonuniformity of the left
ventricular twisting motion. Ann Biomed Eng.
1992;20(2):149-65.
Guccione JM, McCulloch AD, Waldman LK. Passive
material properties of intact ventricular myocardium
determined from a cylindrical model. J Biomech Eng. 1991
Feb;113(1):42-55.

[12] Bovendeerd PH, Arts T, Huyghe JM, van Campen DH,
Reneman RS. Dependence of local left ventricular wall
mechanics on myocardial fiber orientation: a model study.
J Biomech. 1992 Oct;25(10):1129-40.
[13] Vendelin M, Bovendeerd PH, Engelbrecht J, Arts T.
Optimizing ventricular fibers: uniform strain or stress, but
not ATP consumption, leads to high efficiency. Am J
Physiol Heart Circ Physiol. 2002 Sep; 283(3):H1072-81.
[14] Ingels, N. B., D. E. Hansen, G. T. Daughters, E. B.
Stinson, E. L. Alderman, and D. C. Miller. Relation
between longitudinal, circumferential, and oblique
shortening and torsional deformation in the left ventricle of
the transplanted human heart. Circ. Res. 64: 915-927,
1989.
[15] Rappaport D., Adam D., Lysyansky P., Riesner, S.
Assessment of myocardial regional strain and strain rate by
tissue tracking in B-mode Echocardiograms, Ultrasound in
Med. & Biol, 2006; 32(8): 1181– 1192.
[16] Vitek N. Quantifying the spatial and temporal distribution
of myocardial strain by ultrasound. M.Sc. thesis, Technion,
Haifa, 2006.
[17] Notomi Y, Lysyansky P, Setser RM, Shiota T, Popovic
ZB, Martin-Miklovic MG, Weaver JA, Oryszak SJ,
Greenberg NL, White RD, Thomas JD. Measurement of
ventricular torsion by two-dimensional ultrasound speckle
tracking imaging. J Am Coll Cardiol. 2005 Jun
21;45(12):2034-41.
Noa Bachner
Department of Biomedical Engineering,
Technion – Israel Institute of Technology
Haifa, 32000, Israel
noab@tx.technion.ac.il

820

