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Abstract

Background: Myocardial infarction (MI) is known to progress from the inner layers towards the epicardium. Since it is
important to detect MI early, to prevent a negative remodeling process of the left ventricle (LV), the hypothesis of this
study was that evaluation of layer-specific strains is feasible, and it will enable differentiation between subjects with large
MI, small MI and normal LV.

Methods: In this study a commercial speckle tracking echocardiography (STE) program was modified to measure the
strains at three myocardial layers instead of for the total-wall-thickness. After a validation process by using software
implemented phantoms, the commercial and modified programs were applied to echocardiography of 54 subjects.

Results: The validation study results for 972 segments showed an agreement between the endocardial strains, manually
measured by the commercial program, and automatically measured by the modified program. Finally, the algorithm was
applied to scans of 15 normal subjects, 9 patients with small MI and to 6 patients with large MI. The results show that the
strain elevated from the endocardium towards the epicardium for the normal and small MI groups, but not for the large MI
group.

Conclusions: In conclusion, the layer-specific STE method allows accurate analysis of the transmural variations of the
strains.

Key words
Speckle tracking echocardiography, Transmural variations, Strain imaging, Left ventricular function, Myocardial
infarction

1 Introduction

Quantitative, accurate and reproducible analysis of the left ventricle (LV) mechanical function is of major importance in
patients with coronary artery disease. Presently, the analysis is mainly based on tagged magnetic resonance imaging (MRI)
and on echocardiography. Tagged-MRI is a non-invasive and efficient imaging modality that allows quantitative tissue
motion estimation "-*!. Tagged images appear with a spatially encoded pattern that moves with the tissue and can therefore
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be analyzed so as to quantify the motion of the myocardium, in terms of measures of the local contractile performance,
such as strain. The disadvantages of tagged-MRI are its relatively low temporal and spatial resolutions, the decay of the
tagging along the cardiac cycle, and the very high costs of the equipment and its usage.

Until recently, the most common practice of assessing myocardial function by echocardiography has been limited to visual
inspection of wall motion by experienced readers. This approach has several limitations, mainly low accuracy and low
reproducibility, as evidenced for example, by the significant inter-observer variability ).

Several quantitative techniques for ultrasonic myocardial strain analysis have been developed in recent years. One of these
is the Doppler-based tissue velocity imaging, which allows quantitative wall motion analyses, including calculation of
strain and strain rate . This technique, however, has several limitations that prevent its widespread clinical application.
For one, the calculated velocities depend on the angle between the ultrasound beam and the actual myocardial velocity
vector. True velocity often cannot be measured, and actually in some regions it cannot be measured at all. Additionally, a
strain image of the entire LV requires a meticulous point by point calculation.

Perhaps the most promising methods of measuring myocardial displacements are based on speckle tracking
echocardiography (STE) in 2D ultrasound images. STE do not suffer from the angle dependency associated with the
Doppler-based tissue velocity imaging methods, thus they may be used in all myocardial regions and for a broader
spectrum of patients. One of the most vastly used techniques is the 2D Strain (EchoPACTM, GE Healthcare Inc.,
Norway). This commercial tool employs tracking of speckled patterns within the gray scale demodulated images *). It
allows automated analysis of the strain, throughout the entire LV cross-section images. The strain measurements,
calculated by the 2D strain, were validated against different modalities I""*!, and were found to be reliable and robust
relatively to visual inspection of wall motion by experienced readers '*). Similar to the visual examination of the heart, as
performed by echocardiographers, the 2D-Strain method is based on an assumption of transmural uniformity of the
longitudinal displacements across the myocardial wall, and thus the 2D Strain is incapable of distinguishing transmural
variations. Following these transmural variations, however, is required when addressing important clinical issues like
transmurality of MI or subendocardial ischemia.

This article presents an extension of the 2D-Strain, which will allow calculation of velocities and strains in three distinct
layers across the myocardial wall. The extension, presented here, maintains some of the assumptions of the previous
method, i.e. overall smoothness of the motion as well as smoothness of the shape of the region of interest (ROI), in both
space and time. The main difference is however, the elimination of the assumption regarding the uniformity of the
longitudinal motion (constant velocity and strain) across the LV wall. The myocardium is now modeled by three smooth
chains of knots, for achieving strain measurements for 3 layers, instead of the single smooth chain used in the previous
approach that provided results for the total wall thickness. This study is a validation analysis of the layer-specific
algorithm, by using software implemented phantoms and by comparing the endocardial strain manually measured by the
commercial program to that automatically measured by the algorithm proposed here. Finally, the layer-specific strains of
normal LV and injured LV due to small and large MI are presented.

2 Subjects and methods

The algorithm consists of two main parts: (1) Definition of the ROI at each frame (The ROI separates the LV myocardial
zone from the rest of the image); (2) Calculation of the displacements and strains at all points within the ROI in every
frame. A correlation based tracking algorithm is employed in order to compute the frame to frame displacement of each
myocardial point. This defines an initial “noisy” displacement field due to errors of the tracking. This field is then
smoothed using two main physiology based assumptions: (A) the displacement field is a continuous smooth function of
both space and time; (B) the myocardium is of a relatively smooth shape .The algorithm is described schematically in the
block diagram in Figure 1. A detailed description of each of the steps of the algorithm is given below.
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ROI definition, 3 chains of knots
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Figure 1. The block-scheme of the new layer-specific 2D-Strain algorithm. ROI=region of interest. SAD=sum of absolute
difference.
A

Ex

Figure 2. Short axis views, with the circumferential and radial directions marked. The typical non-uniform transmural
contraction and rotation during the diastole (left) and systole (right) are shown (A). Long axis views, with the longitudinal
and radial directions marked. The typical radial and longitudinal non-uniform contraction during the diastole (left) and
systole (right) are shown (B).

Definition of the ROI, degrees of freedom (3 chains of knots) and the deformation field:

The ROI has two boundaries: an inner boundary, close to the endocardium, and an outer boundary, close to the epicardium.
These boundaries are smooth curves defined by two chains of points (knots). These knots are further hypothesized to
represent the same physical myocardial points at all frames. This results in a ROI that changes its shape from frame to
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frame. In order to enable the calculation of the radial myocardial deformations and strains, an additional chain of knots was
placed midway between the two boundaries (see Figure 2 and 3). The three chains of knots describe the ROI global motion

and deformation as a function of time. The coordinates of the knots as function of frame number = 7*"¢=1,..., N, given
by:

(n) (n) (n) (n) (n) (n) . —
Xl (nfmme)’XZ (nframe)’X3 (nﬁ‘ame)’Yl (nfmme)’Y; (nfmme)’YS (nframe)’ n_l””’N (l)

constitute the 6V degrees of freedom (independent functions of time) in terms of which the problem is completely defined.

Ax,Ay

The displacement field has been hypothesized to be spatially smooth. Therefore, the displacements of an arbitrary

point inside the ROI (x.5) between every two frames can be expressed as a quadratic function of the coordinate
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Here the displacements are defined as the coordinate differences in consecutive frames:
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The coefficients Y are in units of strain rates and spatial derivatives of the strain

rates.

Figure 3. The definition of the degrees of freedom assumed by the new layer-specific 2D-Strain algorithm, depicted for
end-diastole. There are 3 lines of knots that define the ROL.

In the first frame, the ROI internal boundary and the ROI width are defined automatically by the program such that it
includes the main portion of the myocardial wall. In the consecutive frames the ROI boundaries and the mid-ROI chain of
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knots are modified automatically using the frame to frame tracking results and an appropriate, mainly spatial filtering
scheme.

2.1 Tracking and smoothing the displacements of the knots

The displacement of an arbitrary point between two subsequent frames is assessed using a criterion of minimal sum of
absolute differences (SAD), as described by Rappaport et al. (. Due to measurement noise, speckle noise, out-of-plane
probe motion as well as other reasons %, the resulting displacement field is noisy and irregular. An example of an
unsmoothed displacement field is shown in Figure 4A.

A B

Figure 4. Non-smoothed (A) and smoothed (B) displacements fields

In order to further minimize the effects of the various noise factors, a multitude of points around each knot (“tracking
points”™) is selected. Each tracking point represents a tracking kernel, which is a square segment of the image. The kernel
has to be significantly larger in size than a typical speckle in order to ensure effective correlation tracking. At the same
time, the kernel should be small enough so that all its points have nearly the same displacement. A reasonable typical size
is ~20*20 pixels (a few millimeters in a regular echo image). The kernel size was optimized experimentally, and it was
found that small variations do not affect the tracking results. There is also a 50% overlap between adjacent tracking
kernels. The overall number of tracking points is proportional to the length and width of the ROI. A typical number of
tracking points is ~100-200 along the ROI and 4 across. As mentioned above, the displacement of each tracking point is
computed using a minimum SAD algorithm. As a rule, the search region must be larger than the maximal possible tissue
displacement between two consecutive frames. The size of the search area is roughly inversely proportional to the frame
rate. For a typical human echocardiogram at a moderate frame rate (~50 fps), it is around 5 mm. Assuming spatial
smoothness of the displacement field , the displacements of the tracking points can be determined in terms of a small
number of parameters. The resultant over-determined system of equations is solved using a least square method. Details of
the calculations are given in Appendix 1. The resultant smoothed velocity field is now used for the calculations of the
displacements and new positions of the knots.

In order to further reduce the effect of noise on the calculation of the displacements, it is assumed that the variations in the
longitudinal and circumferential directions are smooth enough so that the characteristic spatial variation size is about a few
millimeters. This assumption is supported by previous clinical results ', According to this assumption, the displacements
in all 3 chains may be smoothed, using a smoothing spline. The results of such a two-stage smoothing procedure create a
local smoothing of the velocity around each knot and a global smoothing of the velocity of the entire chain of knots (see
Figure 4B).
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2.2 Strain calculation

When the displacement field is known, the strain tensor components can be calculated by:

— 6AX(an‘"”") . _ aAY (nf%amf) _ _ 1 aAX(n/mmr’) aAY (nframa)
Ty T T ar(y T Tl ar() ax (1)
AX (1) = X (P e )= X (1): AY (1) =Y (700 ) =Y (1) @)

.. . . .. X Y .
Here the strain is calculated at the point X(l) ’ Y(l) in frame number 1, and consequently at the point (nf“’”’“ ) (nf""”"’) in

frame " @m¢ . The displacement of the knots between the initial frame and frame " frame can be large, thus before the
numeric calculation of derivatives of equation (3) is performed, the displacement field needs to be spatially interpolated. A
cubic spline interpolation is used in the longitudinal and circumferential directions. The displacement field is assumed to
be almost a linear function of the radial coordinate, due to the relatively small width of the heart wall. Therefore the
parabolic interpolation was used along the radial direction.

After calculation of the displacement of the knots, new knot coordinates are defined for the new frame, and the algorithm
returns to the first stage. When the last frame is reached, the algorithm stops.

2.3 Rotation calculation

The knot’s angular shift between subsequent frames is calculated as the amount of linear displacement in the direction
orthogonal to the radius of the knot, divided by the size of this radius as described by Notomi et al. !"'). The radius is the
distance of the knot from the immediate geometrical center of entire chain of knots.

2.4 Evaluation of the algorithm

2.4.1 Software implemented phantoms

A set of software implemented phantoms was designed and employed for the validation of the algorithm. The first
phantom was produced using the Field II program !'*'*]. The program generates a simulated B-scan image for a given
spatial distribution and a predetermined set of reflection coefficients of scatters. The ultrasonic parameters were selected to
be similar to the usual setting selected in an echocardiography study, and they are listed in the Table 1.

Figure 5. Images generated by Field II at diastole (left) and at systole (right), with schematic presentation of the
displacement field (green lines).
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Table 1. Set-up for Field IT phantom

Transducer parameters

Width of element 0.375 mm
Height of element 7 mm
Distance between elements 0.025 mm
Number of physical elements 64

Focus (fixed focal point) 70 mm

Scan setting

Center frequency 2 MHz
Speed of sound 1540 m/s
Wavelength 0.77 mm
Sampling rate 6 MHz
Scan sector pi/2
Number of scan lines 64

The scatters in each frame are located within a cylindrical volume. There are about 10° small scatters and about 10° strong
scatters in the region with 85 mm width, 85 mm depth and 10 mm height. The reflectivity of the strong scatters is 100 times
larger than the reflectivity of the weak Raleigh scatters. Two examples of frames from a clip are presented in the Figure 5.

The deformations of the cylindrical-shaped phantom generated by the Field II program (see Table 2) consist of a
combination of non-uniform contractions and rotations in the radial direction, mimicking similar deformations of the
apical short axis of the heart (see Figure 2A). The deformations are defined in such a way that the cross-sectional area of
the ‘myocardium’ is always preserved, simulating conservation of mass. The rotation linearly increases with the radius.
Concurrent with the time-dependent deformations, the positions of the scatterers are changing, thus a different spatial
distribution of scatterers is generated for each new B-scan image. The numerical values of the contraction and rotation
were used to generate the typical values of radial strain, circumferential strain and shear of healthy persons !"*. There was
no out-of-plane motion. These simulations allowed studying the accuracy of the algorithm in the presence of speckle
noise.

Table 2. Results of tracking for Field II phantom

Imposed value Calculated value

R, , systole, mm 12 14+2
Roia systole, mm 23 24+2

ext gystole, mm 34 34+2
Pin | systole, deg 20 20+2
Pmia | systole, deg 15 14+1
e systole, deg 10 1+1
Peak inner circumferential strain -50% -49 +£3%
Peak mid circumferential strain -25% -26+2%
Peak outer circumferential strain -14% -13+2%
Peak mean radial strain 27% 35+£2

Note. R is the radius and ¢ is the maximal rotation angle.
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2.4.2 Validation of the endocardial strain measurement

The second stage of validation was a comparison between the endocardial longitudinal strain that was measured by the
layer-specific 2D-strain program and the endocardial longitudinal strain that was measured by applying a manual narrow
ROI at the inner layers of the myocardium by using the 2D-strain. For that purpose we used long-axis views (2 chambers,
4 chambers and 5 chambers) from 54 human subjects. Echocardiography study was performed by using Vivid 7 system
(GE Healthcare, Inc., Horten, Norway) with the standard 3S probe and with frequency of 3 MHz and frame rates in excess
of 40 frames per second (in order to ensure tracking). For the validation study, all patients gave their informed consent for
the anonymous use of the results of their echocardiographic examinations. The study was performed according to the
regulations of the ethics committee of Kaplan medical center, Rehovot, Israel.

2.5 Clinical examples

The method presented here allows evaluation of typical parameters of cardiac muscle deformation such as circumferential
strain in the endocardial and epicardial regions. These parameters can have a potential diagnostic value, e.g. in the
diagnosis of non-transmural infarctions as well as of other non-transmural cardiac pathologies. To illustrate the potential
diagnostic value of the layer-specific parameters, the segmental LV rotation and peak systolic strain (PSS) were
calculated. The PSS is a widely accepted parameter in the analysis of segmental deformations in acute myocardial
infarctions (AMI), which describes maximum contraction during systole !"**!1. Two groups were examined: healthy
subjects (n=15) and patients (n=15) with infarctions involving the apical zones (LAD). For each group, values of these
parameters were computed in the apical short axis view. Measurements were performed on Vivid 7 system (GE
Healthcare, Inc., Horten, Norway) with the standard 3 MHz probe and with frame rates in excess of 40 frames per second
(in order to ensure tracking).

The definition of an AMI followed the Guidelines of the European Society of Cardiology, including patient history, the 12
lead ECG reading, Creatine Phosphokinase (CPK) level and coronary angiography.

Being a retrospective study in nature, its results did not affect medical management of the patients in any way. All patients
and individuals of the control group gave their informed consent for the anonymous use of the results of their
echocardiographic and heart catheterization examinations for this study. The study was performed according to the
regulations of the ethics committee of the St. Vinzenz-Hospital, KdIn.

2.6 Statistical analysis

All values are presented as mean + standard deviation. For the comparison between the endocardial strain, calculated
automatically by the layer-specific 2D strain, and the endocardial strain, calculated by a manual narrow ROI, the
Bland-Altman statistical analysis was used 2. For the clinical examples, the comparison between the endocardial strain,
mid-wall strain and epicardial strain was performed by students’ ¢-test.

3 Results

3.1 Simulations by software implemented phantoms

The values of the deformation parameters calculated by the method described above were compared to those used for the
definition of the Field II software implemented phantom and the results are given in Table 2. The strain tensor components
were calculated in polar coordinates. Explanations for the calculations are presented in Appendix 2. The results show that
the layer-specific 2D-strain program estimates the rotation and circumferential strain with rather small errors (1deg of
rotation and 1% of strain) between the measured values and the imposed values. However, the radial strain is measured
with larger errors of 7% strain.
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3.2 Validation of the endocardial longitudinal strain

The endocardial longitudinal strain was automatically calculated by the layer-specific 2D-strain, and by a manual ROI that
was applied to the endocardial border of the LV by using the commercial 2D-strain. The Bland-Altman results show a
good agreement between the two methods (see Figure 6). When considering the apical, mid-ventricular and basal
segments, the bias was 2.3%, the upper limit of agreement was 8.9% and the lower limit of agreement was -4.3% (see
Figure 6A). When not taking into consideration the apical segments, the bias was 1.1%, the upper limit of agreement was
5.5% and the lower limit of agreement was -3.3% (see Figure 6B).
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Figure 6. Bland-Altman statistical analysis for assessing the difference between the segmental endocardial longitudinal
strains, calculated automatically by the layer-specific 2D-strain program, and the endocardial longitudinal strains,
calculated after a manual definition of a narrow ROI by using the commercial 2D-strain. The analysis was performed once
for the results for the apical, mid ventricular and basal segments (A) and once without considering the apical segments (B)

3.3 Clinical examples

Table 3. Experimental results of clinical study. A control group (n=15) compared with a group of patients (n=15),
suffering from small (n=9 and large (n=6) acute LAD infarctions. Values are presented as average standard deviation.

Group Healthy Small LAD Large LAD
Endocardial peak circumferential strain, % -41+8 -29+7# -11+63
Mid-wall peak circumferential strain, % -3146 -2245% -8+41
Epicardial peak circumferential strain, % -24 45 -1745%* -6£3%
Endocardial peak longitudinal strain, % -34 +4 -18+6%*** -89+
Midwall peak longitudinal strain, % 2544 BNEY A 4167
Epicardial peak longitudinal strain, % -1843 ~6E2%** 2457

Peak rotation, deg 8 +5 10£7 449

# P<0.05 vs. Healthy, * P<0.01 vs. Healthy, ** P<0.001 vs. Healthy, *** P<0.0001 vs. Healthy. t P<0.05 vs. small LAD, } P<0.001 vs. small LAD.

In order to demonstrate the potential clinical relevance of the proposed method, we applied it to data acquired from 15
normal subjects and 15 patients with infractions involving the apex (LAD). Some of the infarctions (n=6) were most likely
transmural, based on the clinical assessment and blood biomarkers and the others (n=9) were most likely non-transmural.
Typical images and traces for each of the cases are shown in Figures 7-9. Each of the Figure shows the circumferential
strain results for 3 myocardial layers and 6 segments (A) for a short axis view (apical level), and the layer-specific
longitudinal strain for 3 layers and 6 segments of one of the apical long axis views (B). Rotation (C) for each of these 6
segments are also demonstrated in Figures 7-9. The results detailing the peak circumferential strain, peak longitudinal
strain and rotation, are summarized in Table 3. As seen in this table, the values of the strains are different for healthy
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people and patients (P values are stated at the table), while the values of rotation are the same. Furthermore, peak systolic
circumferential and longitudinal strains are significantly different between the layers for the normal group (circumferential
P<0.01, longitudinal P<0.0001) and small LAD group (P<0.05), but not for the large LAD group.

Figure 7. Normal subject. Segmental Circumferential (A) and Longitudinal (B) Strain traces in the subendocardial,
mid-wall and subepicardial layers and segmental rotation traces (C)

4 Discussion

The algorithm described above is an extension of the commercial 2D-Strain speckle tracking program, described by
Rappaport et al. (. 2D-Strain has a number of advantages in the routine clinical practice and is also important in clinical
and physiological research "> ', The layer-specific 2D-Strain algorithm, presented here, substantially extends these
capabilities. The results of this study show that: 1) It is possible to reliably assess layer-specific strains in 3 myocardial
layers; 2) The layer-specific 2D strain enables the differentiation between normal LV, LV with small MI and LV with
large MI.

One of the limitations of the commercial 2D-Strain algorithm is that strain variations across the myocardial wall are
averaged out. Thus, important physiological and clinical quantities, like layer-specific strains, cannot be evaluated.
Indeed, there are cases in which only the epicardial layer of the myocardium is functioning properly or even compensating
for the impaired inner layers . Such compensation might result in almost normal average strain values. On the other
hand, other transmural strain attributes, such as layer-specific strain, might be emphasized. Consequently, an important
promising aspect of the layer-specific 2D-Strain is the potential feasibility of detecting subendocardial ischemia.
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Examples of clinical studies, in which the layer-specific 2D-strain algorithm was already used, are: 1) the study of Leitman
et al. that described the layer specific strains in LV that suffer from wall motion abnormalities 1**'; 2) the study of Becker et

al. that described the layer specific strains in chronic patients that suffer from MI 1*°); 3) the study of Leitman et al. that
[26]

described the layer-specific strains in patients that suffer from myocarditis
A

Figure 8. A patient with a small LAD infarction: Segmental Circumferential (A) and Longitudinal (B) Strain traces in the
subendocardial, mid-wall and subepicardial layers and segmental rotation traces (C).

The evaluation of the performance of the layer-specific 2D-Strain algorithm on data produced by the software
implemented phantoms allows prediction of the ranges of parameters in which the algorithm is applicable. Another
advantage of these phantoms is the precise knowledge of the deformation parameters. Such information is generally not
available in most in-vivo or in-vitro experiments, where the deformation field can only be roughly estimated *. In
addition, the validation on the data produced by the software implemented phantoms also allows estimating the robustness
of the method with respect to speckle noise. Speckle noise is one of the largest sources of errors in the tracking *\. This
might explain the small differences between the imposed deformation parameters and the tracking results. Analyses of the
tracking results indicate that the errors in the circumferential strain and the errors in the mean radial strain are much
smaller than their typical values in the normal human heart . Consequently, the layer-specific 2D-Strain potentially can
be used for measuring these quantities.
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Figure 9. A patient with a large LAD infarction: Segmental Circumferential (A) and Longitudinal (B) Strain traces in the
subendocardial, mid-wall and subepicardial layers and segmental rotation traces (C).

Another possible source of error in the estimation of transmural deformation parameters could be the smoothing procedure
being used. The smoothing is essentially one-dimensional, i.e. all the quantities are smoothed in circumferential or
longitudinal directions, thus underestimation of the strain parameters occurs (see Table 2). In addition, the errors in
evaluating the strain increase when the strain increases ). As shown in the Appendix 3, the deformations increase as the
radius decreases, thus the values of strains in the inner layer are expected to be larger and less accurate. This suggests that
the smoothing procedure can be improved by using smoothing parameters that are dependent on the transmural direction.
However, in this study we showed that the endocardial longitudinal strain is a reliable parameter. This validation was
performed by comparing the commercial 2D-strain results, when applying a manual narrow ROI to the endocardium, to
the results of the layer-specific 2D-strain, when applying an automatic wide ROI to the whole myocardium. The results
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show a good agreement between the two methods (see Figure 6A), though a better agreement is shown when disregarding
the apical results (see Figure 6B). The reason is that the error of the layer-specific strain measurements increases as the
radius of curvature increases **). Moreover, the tracking quality is smaller in the apical location.

After the validation study, the new algorithm was applied to apical short axis scans of 15 normal subjects, of 9 patients
with minor LAD acute infarctions and of 6 patients with large LAD infarction (see Figures 7-9, Table 3). It was shown that
in these patients the peak systolic strain is markedly reduced in the ischemic segments compared with the non-ischemic
remote regions ). Furthermore, it was observed that any size of an LAD infarction, even a small one, is inherently
manifested as a decreased systolic contraction (negative circumferential strain) in all 3 myocardial layers. Thus,
measurement sensitive to the differences among the layers across the myocardial wall may help in the diagnosis of MI.
Non-transmurality is indicated by the persistence of systolic contraction in all 3 layers, as well as persistence of the
circumferential (or longitudinal) strain gradient from the sub-epicardium to the sub-endocardium. In the transmural
example depicted in Figure 9 the systolic contraction, contraction gradient and rotation are totally lost in some of the
segments. Another interesting observation is the poly-phasic nature of the strain curves in the “likely non-transmural”
LAD, which according to ex-vivo experiments could be an indication of non-transmural ischemia %, The well known

layered structure of the cardiac walls is reflected in the shear parameter, whose behavior is not clear ',

5 Limitation

We have validated the method using Field-II simulations. Although the Field-II does simulate some of attributes affecting
frame-to-frame tracking, such as motion-induced variations in speckle patterns, it does not simulate other sources of
errors, e.g. out-of-plane motion, clutter noise and random noise. A second limitation is related to any two-dimensional
speckle tracking of motion. The tracking strongly depends on the existence of “non-Rayleigh” reflectors and their
persistence for more than two consecutive frames. Out of plane motion reduces the persistence of these reflectors. Another
limitation exists in the short axis views, in which the deformation parameters are sensitive to the angle of the scanning
plane. This is because tilting the plane of acquisition strongly affects the measured strain distribution around the short axis,
due to the significant base-to-apex strain variations. The effect is of course very different from the well-known angle
dependency of Doppler-based tissue velocity imaging, where the measured velocities depend on the angle between the
ultrasonic beam and the direction of the velocity vector.

In conclusion, layer-specific, multilayer strain analysis is feasible, and may provide a better insight of myocardial
pathologies as MI.
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Appendix 1. Least square polynomial approximation for knots
displacementsEquation Section (Next)

. . ) . . . . Ax, LAy, )
In the vicinity of every knot we choose Niacking tracking points with relative coordmates( e ? e ) The displacements

(5&,,(”,,,? - )

of the tracking points relative to appropriate knot are expanded into power series up to second order terms
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(A1). Due to presence of noise in order to find knots displacements as a function of tracking point’s displacements, it is
convenient to use the least square method. The cost function is:

Nyacking
S= z Pryins [5xknu,+AXAx

iracking
=1

2 5 ,
) D, (Ay Miucing ) +EXAx”Mw A —Ox ) +

Piracking

+BAy,  +C (Ax:

x racking

Myracking
v
Nyacking

> . (5ym+A‘,Ax, +B‘,Aynmm+Cy(Ax”Mm )2+D<V(Ay,,mw )2+E‘,Ax, N, =0 )2

Yracking Uracking

pn“ ’an,,. = l
In the equation (A1) the numbers " represent weights, associated with tracking quality of a given tracking

5'xknot ’ 5yknat i A B C D

x,y2 x2S xyd x,y’Ex,y leads to the

Pyacking =1

(AT)

point. Differentiating of the cost function S with respect to parameters
system of linear equations on these parameters.

Appendix 2. Strain tensor in polar coordinates
The length element in the polar coordinates(r’(p) is:

di* =dr* +r*d¢’

(A2)
As a result of deformation point with coordinates(r’ (0) at frame number 1 transforms into the point(f’(ﬁ) at frame
number’ e
F=r+Ar (r, go)
p=0+Ap(r,0) (A3)
The strain tensor components in the polar coordinates (r, (D) are defined in terms of new length element:
di* =dl? +2(er -dr? +5,, -r-dr~d¢>+sW - ~d¢>2)
s, =%; S,y =l[r(%_¢+l%} Spp =aA—¢+lAr
or 2 or r op op r (A4)

S . . N S
The component ~'” represents radial strain; the component '? represents shear and the component ¢ represents
circumferential strain. In order to evaluate radial strain and shear and to reduce the effect of noise, the displacements

Ar(r,0),A0(r,p)

strain does not depend on radial coordinate. Therefore the assumption is equivalent to averaging the radial strain over all 3

are approximated by a linear function of the radial coordinate 7" . Under this assumption the radial

chains of knots. The displacements dependence on circumferential coordinate P is assumed to be a quadratic function of
the radial coordinate.

Appendix 3. Circumferential strain variations in cylindrical

approximation
Below we analyze the circumferential strain variations in the case of radially contracting hollow cylinder with an

incompressible wall. Let the radii of the internal (“endocardial”) and external (“epicardial”) wall borders be Rena (t) and

Ry (t), respectively. The circumferential Lagrangian strain Sc at each border depends on the temporal variation of the
border length L (or its radius R):
L(1)-L(0) (A5)

The circumferential strains in both wall borders are thus:
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- R _(t)—R .(0
Sa,nd (t) — Rend (t) Rend (0) and Scep,- ( ) _ e (t) epi ( )

Rend (0) Rep[ (0) (A6)
The mass conservation of the wall transforms into constant wall area, which in symmetric case reads:
R, (1)~ R, (1) = const = R, (0) - R%, (0) A7)

After a simple combination of these equations we get the relation between the endocardial and epicardial circumferential
strain:

Seond (t) ’ (S(]end ([) + 2) = [;:L((OO))] 'Sc‘epf (t) ’ (S(fepi (t) + 2)
end (A8)

The solution of this quadratic equation is:

Scend (t) =-1+ \/1 + (11::;((()0))} ‘SCepi (t) ’ (SCepi (t) + 2)

In this context, one can define the endocardial strain gain as the ratio between endocardial and epicardial strains.

(A9)
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