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ABSTRACT

Several methods have been introduced in the past few years to quantify left-ventricular strain in order to detect
myocardial ischemia and infarction. Myocardial Elastography is one of these methods, which is based on ultrasound
Radio-Frequency (RF) signal processing at high frame rates for the highest precision and resolution of strain estimation.
Myocardial elastography estimates displacement and strain during the natural contraction of the myocardium using
cross-correlation techniques. We have previously shown that imaging of the myocardial strain at high precision allows
the correct assessment of the contractility of the cardiac muscle and thus measurement of the extent of ischemia or
infarct. In this paper, for the first time in echocardiography, we show how angle-independent techniques can be used to
estimate and image the mechanics of normal and pathological myocardia, both in simulations and in vivo. First, the
fundamental limits of 2D normal and principal strain component estimation are determined using an ultrasound image
formation model and a 2D short-axis view of a 3D left-ventricular, finite-element model, in normal and ischemic
configurations. Two-dimensional (i.e., lateral and axial) cumulative displacement and strain components were iteratively
estimated and imaged using 1D cross-correlation and recorrelation techniques in a 2D search. Validation of these
elastographic findings in one normal human subject was performed. Principal strains were also imaged for the
characterization of normal myocardium. In conclusion, the feasibility of angle-independent, 2D myocardial elastography
technique was shown through the calculation of the in-plane principal strains, which was proven essential in the reliable
depiction of strains independent of the beam-tissue angle or the type of sonographic view used.
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1. INTRODUCTION

Cardiovascular diseases rank as America’s No. 1 Kkiller, claiming the lives of over 41.4% of more than 2.4 million
Americans who die each year. Cancer follows, killing 23%. All other causes of death account for about 35.3%. In
addition, 61.8 million Americans have some form of cardiovascular disease. This includes diseases of the heart, stroke,
high blood pressure, congestive heart failure, congenital heart defects, hardening of the arteries and other diseases of the
circulatory system. Early detection of abnormality is the key in treating cardiovascular disease early and reducing the
enormous death toll. The diagnosis of myocardial ischemia is often difficult to establish in its early stages when
treatment is most effective. Patients suffering from myocardial ischemia may present to an emergency room or acute
care facility with typical cardiac symptoms such as chest pain, described as tightness, pressure, or squeezing, but some
patients may have other symptoms such as arm or chin pain, nausea, sweating, or abdominal pain. Standard techniques.
such as the electrocardiogram (ECG), often provide inconclusive findings regarding ischemia, and sometimes may even
be unable to identify situations, in which ischemia has progressed to cell damage and myocardial infarction (MI).

Elasticity imaging is a relatively new field that has dealt with the estimation and imaging of mechanically-related
responses and properties for detection of pathological diseases, most notably cancer [1-3] and has thus emerged as an
important field complementary to ultrasonic imaging. More recently has the focus of the elasticity imaging field been
steered towards cardiac applications [4, 5]. This technique encompasses imaging of any kind of mechanical parameter
that would highlight the mechanical property of the myocardium, such as displacement, strain, strain rate, velocity, shear
strain, rotation angle, etc. In the same fashion as in standard elastography, the parameter that can relate directly to the
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underlying stiffness, and thereby to onset of disease, is the strain, and the image that depicts the strain is called an
elastogram. Therefore, since assessment of the myocardial mechanical parameters has proven to be a crucial step in the
detection of cardiac abnormalities, Myocardial Elastography can help make a significant impact in this field by
measuring the mechanical response of the cardiac muscle at the various phases of the cardiac cycle [4]. Myocardial
Elastography benefits from the development of techniques that can be used for high precision 2D time-shift based strain
estimation techniques [6] and high frame rate currently available in ultrasound scanners [5] to obtain a detailed map of
the transmural strain in normal [4, 5] and pathological cases [7] over different phases and over several cardiac cycles.
More recently, our group has shown that, by combining the normal and shear components of the strain tensors calculated
from the two-dimensional displacements, the radial / circumferential / principal strains can be calculated as angle-
independent measurements of the myocardial function [8, 9]. Angle dependence may lead to misinterpretation of the
strain measurements (Fig. 1).

Figures 1(a) and (b) show a conventional orientation of a normal left ventricle in a short-axis view, where the ultrasound
transducer is placed near the anterior region, i.e., in the case of 0° rotation. In Fig. 1(b), lateral strain shows that lateral
and septal walls undergo tensile strain, while anterior and posterior walls undergo compression. Tensile axial strains
shown in Fig. 1(b) are located at the anterior and posterior regions.On the other hand,, Fig. 1(c) shows tensile lateral
strain in the anterior and posterior myocardium and tensile axial strain in the lateral and septal walls. Therefore, the
rotation angle of the transducer relative to the left ventricle results in the discrepancy of the strain maps and therefore the
misinterpretation.
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Fig. 1. Angle dependence: Control canine FEA model during end-systole with the white rectangle indicating the position of
the transducer relative to the left-ventricular orientation: a) In-plane, lateral (top) and axial (bottom) FEA strain
images at b) 0° and (c) 90° transducer orientation as shown.

In this paper, we demonstrate the angle-independent myocardial elastography with theoretical findings and validation in
one human subject in vivo using angle-independent techniques applied on 2D strain estimation, which, although
previously described in conjunction with MRI methods, are used for the first time to our knowledge in the context of
clinical echocardiography.

2. METHODS

2.1 Theoretical analysis

The 2D image plane in a 2D short-axis view close to the basal level was generated through a convolutional model and a
publicly available finite-element model of a normal (Control; Fig. 2(a)) and left-circumflex-artery occluded (LCx; Fig.
2(b)) ischemic heart (Continuity 5.5, University of California, San Diego, CA). Radio-frequency (RF) signals (128 in
total) with an aperture size of 80 mm were generated by convolving the 2D Gaussian-distributed scatterer function with
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a 2D simulated ultrasound point-spread function [9]. Crosscorrelation and recorrelation techniques were then employed
in order to estimate the two orthogonal strain components over the entire systole [6, 9].
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Fig. 2. Anterior views of three-dimensional FEA left-ventricular meshes at end-systole: (a) normal (Control) and (b) left-
circumflex ischemic (LCx) models shown in the Cartesian coordinates (X, ), Z ), where positive X , ) and Z point
toward lateral wall, anterior wall and apex. The endocardium and epicardium are represented by red shading and wire

frame, respectively. The blue shaded surface depicts the ischemic region on the endocardium. The base, apex, anterior
(ANT), lateral (LAT) and septal (SEP) regions are indicated. (See online version for color images)

2.2 Myocardial elastography

The two in-plane orthogonal displacement components (lateral and axial) were estimated using one-dimensional (1D)
cross-correlation and recorrelation of RF signals in a 2D search [8, 9]. The crosscorrelation technique employed a 1D
matching kernel of 7.7 mm and 80% overlap. The reference and comparison frames respectively contained the RF
signals before and after deformation occurred. The comparison frame from the previous RF frame set became thus the
reference frame in the next RF frame set. An 8:1 linear interpolation scheme between two adjacent original RF signal
segments of the comparison frame within the 1D kernel was employed to improve the lateral resolution [8, 9]. The
maximal correlation coefficient yielded from the RF signal segment in the comparison frame was considered the best
match with the RF signal segment in the reference frame. Cosine interpolation was then applied around this maximum of
the cross-correlation function in order for a more refined peak search.

The incremental displacements were integrated to obtain the cumulative displacement that occurred from ED to ES.
Appropriate registration for each pixel on two consecutive displacement images was performed in order to further ensure
that the cumulative displacement depicted the motion of the same tissue region.

The correction (or, recorrelation) in axial displacement estimation [8, 9] was performed to reduce the decorrelation from
axial motion. In myocardial elastography, recorrelation was implemented by shifting RF signal segments according to
the estimated axial displacement in the comparison frame, prior to the second lateral displacement estimation.

2.3 Normal strains
Strain is defined in terms of the gradient of the displacement. A displacement vector, W , is written as

u=u.e, +u,e,  where u and u, are lateral and axial displacement components, respectively, and e and e  are
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the unit vectors in the lateral and axial directions, respectively. The displacement gradient tensor G in Cartesian
coordinates (x, y) is thus defined as

Ou, Ou,
_ | ox oy 1
G=Vu= ou, Ou, o
ox Oy

The in-plane Lagrangian finite strain tensor, E , is formularized as [10]
E:%(G+GT+GTG) )

Lateral and axial strains are the diagonal components of E, i.e., ]i]xxandEyy, respectively. In myocardial elastography, a

least-squares strain estimator (LSQSE) [11] with a kernel of 13.4 mm in both the lateral and axial directions was used in
order to improve the signal-to-noise ratio (SNR) in the strain image (i.e., elastogram).

2.4 Principal strains

The 2D strain tensor (i.e., E in the previous section) was highly dependent on the orientation of the imaging beam
relative to the ventricular wall (Fig. 1). This complicated the interpretation of the direction of in-plane myocardial
deformation and potentially resulted in clinical misdiagnoses. Thus, an angle-independent measure, i.e., the principal
strains, was considered and shown by Waldman et al. [12] to be good approximations of the radial, circumferential and
longitudinal normal strains in the myocardium and to be independent of the coordinate system. Principal strains are
defined as the unit elongation along the principal directions, which are mutually perpendicular after deformation and
include the maximum and the minimum normal strains. Considering a 2D short-axis slice of the myocardium, solving
the eigenvalue/eigenvector problem for the symmetric 2D finite strain tensor can yield two principal strains
(eigenvalues) corresponding to two principal axes (eigenvectors), which closely approximate strains in the radial and
circumferential directions [12]. Note that the two principal strains are classified by their angles between principal
directions (i.e., eigenvectors) and radial and circumferential directions, so they should be classified along the
approximate radial or circumferential strains with the selection of a centroid [12].

2.5 Clinical data acquisition

A clinical echocardiography ultrasound scanner (GE Vivid FiVe, GE Vingmed Ultrasound, Horten, Norway) with a
phased array probe (FPA 2.5MHz 1C) was used to acquire cardiac ultrasound in-phase and quadrature (I/Q) data in 2D
SA views at medial papillary muscle level from one healthy volunteer at a frame rate of 136 fps. The 1/Q data were
upsampled to retrieve the RF signals.

3. RESULTS
3.1 Finite-element analysis (FEA) results

Figures 3 and 4 respectively show the cumulative systolic 2D displacements (within + 0.4 mm) and strains (within +
25%) for the normal model and that the estimated cumulative displacements (Fig. 3) and strains (Fig. 4) are in excellent
agreement with the FEA results. Note that the cumulative 2D displacements are obtained by accumulating incremental
displacements from end-diastole (ED) to end-systole (ES) and that the images are mapped onto an end-systolic left
ventricular geometry. In Fig. 3, positive displacement indicates rightward and upward motion in the lateral and axial
directions, respectively. The elastograms of the Control model (Fig. 4) show the symmetry of positive (tensile) and
negative (compressive) strains. Figures 3 (c) and (f) are the difference images between the first and second columns for
both lateral and axial cases. The mean absolute errors of the cumulative lateral and axial displacements for the Control
model are 0.0996+0.0639 mm and 0.0694+0.0519 mm, respectively, while the mean absolute errors of the corresponding
cumulative lateral and axial strains are 2.63+2.72% and 1.57£1.65%, respectively.
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Finally, through eigen decomposition of the 2D strain tensor, the principal strain components for the Control model were
obtained (Fig. 5). As mentioned in Section 2.3, the first and second classified principal strain components closely
approximate radial and circumferential strains, respectively. Positive or negative first classified principal strain
component represents radial thickening or thinning, while circumferential stretching or shortening is indicated by
positive or negative second classified principal strain component. Figure 5 shows radial thickening ((a) and (b)) as well
as circumferential shortening ((d) and (e)) of the contracting normal myocardium. The differences between FEA and
estimated principal strains are shown in Figs. 5 (c) and (f). The mean absolute errors for the first and second principal
strain components are 2.82+2.93% and 1.30+1.13%, respectively.
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Fig 3. Cumulative systolic 2D displacements for the normal (Control) model between ED and ES: (a) and (d) respectively
show FE lateral and axial displacements; (b) and (e) are the elastographic lateral and axial displacements, respectively;
(c) and (f) are the difference images between the first and the second columns. The mean absolute errors for the lateral
and axial displacements are 0.0996+0.0639 mm and 0.0694+0.0519 mm, respectively. Two-dimensional myocardial
elastography is denoted as ME. (See online version for color images)
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Fig. 4. Cumulative systolic 2D strains for the normal (Control) model between ED and ES: (a) and (d) respectively show FE
lateral and axial strains; (b) and (e) are the estimated lateral and axial strains, respectively; (c) and (f) are the difference
images between the first and the second columns. The mean absolute errors for the lateral and axial strains are
2.63£2.72% and 1.57+1.65%, respectively. (See online version for color images)
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Fig. 5. Cumulative principal strains for the normal (Control) model between ED and ES: (a) and (d) respectively show FE
principal strains; (b) and (e) are the estimated principal strains, respectively; (c¢) and (f) are the difference images
between the first and the second columns. The mean absolute errors for the first and second principal strains are
2.82+2.93% and 1.30+1.13%, respectively. (See online version for color images)

Figures 6 and 7 show the cumulative 2D systolic displacements and strains in the ischemic model, respectively. Note
that all the images are mapped onto the end-systolic left-ventricular geometry. Figures 6(c) and (f) are the difference
images between the first and second columns for both lateral and axial displacements, while Figs. 7 (¢) and (f) are the
difference images between the first and second columns for both lateral and axial strains. The mean absolute errors of
the cumulative lateral and axial displacements for the ischemic model are 0.1551+0.1083 mm and 0.0745+0.0638 mm,
respectively, while the mean absolute errors of the corresponding cumulative lateral and axial strains are 3.49+4.02%
and 2.00£2.94%, respectively. The differences between FEA and estimated principal strains are shown in Figs. 8 (¢) and
(f). The mean absolute errors of the first and second principal strain components for the ischemic model are 4.35+4.90%
and 2.04+2.73%. In contrast to the Control model, the LCx model shows radial thinning (Figs. 8(a) and (b)) and
circumferential stretching (Figs. 8(d) and (e)), instead of radial thickening and circumferential shortening in the
posterior-lateral (lower right) portion, i.e., the ischemic region, during contraction. This is consistent with the fact that
the ischemic muscle behaves as a passive tissue showing inflation during systole (Fig. 1(b)) [13]. From the above error
calculation results, the estimated cumulative displacements and strains are in good agreement with FEA results in both
the normal and ischemic models.
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Fig. 6. Cumulative systolic 2D displacements for the LCx (ischemic) model between ED and ES: (a) and (d) respectively
show FE lateral and axial displacements; (b) and (e) are the estimated lateral and axial displacements, respectively; (c)
and (f) are the difference images between the first and the second columns. The mean absolute errors for the lateral and
axial displacements are 0.1551+0.1083 mm and 0.0745+0.0638 mm, respectively. (See online version for color images)
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Fig. 7. Cumulative systolic 2D strains for the LCx (ischemic) model between ED and ES: (a) and (d) respectively show FE
lateral and axial strains; (b) and (e) are the estimated lateral and axial strains, respectively; (c) and (f) are the difference
images between the first and the second columns. The mean absolute errors for the lateral and axial strains are
3.49+4.02% and 2.00+2.94%, respectively. (See online version for color images)
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Fig. 8. Cumulative principal strains for the LCx (ischemic) model between ED and ES: (a) and (d) respectively show FE
principal strains; (b) and (e) are the estimated principal strains, respectively; (c) and (f) are the difference images
between the first and the second columns. The mean absolute errors for the first and second principal strain
components are 4.35+4.90% and 2.04+2.73%, respectively. (See online version for color images)

3.2 Clinical validation

A preliminary validation of the FEA results for both axial and lateral displacements is shown in a healthy human subject
(Figs. 9 (a) and (b), respectively). The lateral displacements deviate from their FEA equivalents the most, mainly due to
the higher variance in the lateral estimation (Fig. 4(b)), but also due to a net lateral translation that the heart undergoes in
a short-axis view during systole that is not accounted for in the FEA model. Figure 9 shows cumulative systolic lateral
and axial displacements which are qualitatively comparable to FEA simulation results (Fig. 3). In other words, septal and
lateral regions show rightward and leftward lateral motion, respectively, while anterior and posterior walls present
downward and upward axial displacements, respectively. Figure 10 shows cumulative systolic lateral and axial strains.
In the lateral strain image (Fig. 10(a)), lateral and septal walls show tension, while anterior and posterior walls show
compression. The axial elastogram shows tension in the anterior and posterior regions but compression in the lateral and
septal myocardium. More importantly, using these two orthogonal strain estimates, preliminary feasibility of the angle-
independence, compared to the angle dependence of the estimates in Fig. 10, is shown in Fig. 11, which depicts the
classified principal strains. Clearly, radial thickening and circumferential shortening are shown in Fig. 11(a) and Fig.
11(b), respectively. The lateral and axial strains (Fig. 10) and principal strains (Fig. 11) also show good preliminary
agreement with the 2D FEA results (Figs. 4 and 5). In addition, the principal strains (Fig, 10) include the papillary
muscle, which the Control FEA model does not take into account, so radial thinning, instead of radial thickening is
shown inside the endocardial border in the first principal strain component image. Note that all the clinical images are
shown in the end-systolic configuration.
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