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(57) ABSTRACT

A computer implemented method and system for fully-auto-
matic cardiac functional assessment are provided. Automatic
segmentation of a series of ultrasonic cardiac images is per-
formed for delineating an endocardium boundary and an epi-
cardium boundary, in each of the ultrasonic cardiac images
using a segmentation algorithm. Multiple acoustic markers
are identified on the endocardium boundary on the ultrasonic
cardiac images. The acoustic markers are tracked across the
ultrasonic cardiac images over multiple cardiac cycles using
a tracking algorithm. Multiple cardiac parameters are calcu-
lated using the tracked acoustic markers on drift compensated
ultrasonic cardiac images. The computer implemented
method and system for cardiac functional assessment is fully-
automatic without requiring user intervention or inputs.
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AUTOMATIC CARDIAC FUNCTIONAL
ASSESSMENT USING ULTRASONIC
CARDIAC IMAGES

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of non-provi-
sional patent application number 1160/CHE/2010 titled
“Automatic Cardiac Functional Assessment Using Ultrasonic
Cardiac Images”, filed on Apr. 27, 2010 in the Indian Patent
Office.

[0002] The specification of the above referenced patent
application is incorporated herein by reference in its entirety.

BACKGROUND

[0003] Cardiac functional assessment refers to the mea-
surement and analysis of cardiac parameters, where specific
cardiac parameters such as left ventricular volume, ejection
fraction, tissue strain, etc. are assessed and used by cardiolo-
gists and echocardiographers to diagnose cardiac diseases.
Much of the present day cardiac functional assessment is
manual and subjective, and has a high dependency on the
interpretation of echocardiograms by a medical practitioner,
which can vary from practitioner to practitioner.

[0004] Cardiac functional assessment referred herein as
cardiac computer-aided detection (CAD), using non-Doppler
ultrasound data, that is, using two dimensional (2D) B-mode
echocardiogram data, is a new and emerging technology that
allows non-subjective and non-invasive cardiac functional
assessment using digital signal and image processing algo-
rithms. Given the significance and importance of cardiac
diseases, there is a high demand for cardiac functional assess-
ment systems, which can be operated by cardiologists and
echocardiographers with minimal experience. Existing car-
diac CAD systems are manual or semi-automatic. Manual
cardiac CADs require an experienced cardiologist or echocar-
diographer to operate them. An experienced cardiologist or
echocardiographer has to perform a series of manual input
operations in a particular sequence and provide inputs to the
cardiac CAD to quantify the cardiac parameters. Typically,
these manual input operations take several minutes, for
example, about 15 minutes to 30 minutes.

[0005] In existing cardiac CAD systems, tissue tracking
algorithms are employed to estimate the cardiac parameters.
These algorithms are sensitive to image statistics and the
manner in which the echocardiogram is recorded during a
cardiac ultrasound scan. For example, any tilt or “jitter” in the
position of the ultrasound probe, the breathing-rhythm of the
patient, the movement of the patient, reflections from non-
cardiac artifacts and out-of-plane motion, called dropouts,
impact the signal-to-noise (SNR) and tracking quality. This in
turn impacts the overall accuracy of the quantified cardiac
parameters. Furthermore, most existing cardiac CADs are
dependent on specific advanced ultrasound scanners, that is,
the cardiac CADs can only operate with echocardiograms
captured by specific ultrasound scanners, which are usually
expensive.

[0006] Hence, there is a long felt but unresolved need for a
fully automated, online and/or offline, vendor-independent
computer implemented method and system for quantitatively
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assessing cardiac parameters using echocardiograms, herein
referred to as ultrasonic cardiac images.

SUMMARY OF THE INVENTION

[0007] This summary is provided to introduce a selection of
concepts in a simplified form that are further described in the
detailed description of the invention. This summary is not
intended to identify key or essential inventive concepts of the
claimed subject matter, nor is it intended for determining the
scope of the claimed subject matter.

[0008] The computer implemented method and system dis-
closed herein addresses the above stated need for a fully
automatic, online and/or offline, vendor-independent com-
puter implemented method and system for cardiac functional
assessment of a left ventricle using a series of ultrasonic
cardiac images. The fully-automatic computer implemented
method and system disclosed herein eliminates the need for
an experienced echocardiographer to perform meticulous
input operations, and consequently improves the overall car-
diac functional assessment by several orders and in a reduced
amount of time, for example, two to three minutes. The com-
puter implemented method and system disclosed herein
employs a segmentation algorithm and a tissue tracking algo-
rithm for automatically segmenting the left ventricular
endocardium and epicardium boundaries and tracking the
ventricular tissue in a given set of ultrasonic cardiac images.
The computer implemented method and system disclosed
herein provides automatically calculated inputs required by
the segmentation algorithm for delineating the endocardium
boundary. The tracking algorithm disclosed herein is based
on a speckle tracking algorithm and adapts a few tracking
parameters with respect to parameters of the ultrasonic car-
diac images. The tracking algorithm further employs “syn-
thetic phase” and utilizes drift compensation or “lock-on”
algorithms for tracking acoustic markers.

[0009] By way of the above mentioned algorithms, the
vendor-independent computer implemented method and sys-
tem disclosed herein allows fully-automatic cardiac func-
tional assessment by quantification of cardiac parameters
using echocardiograms captured by ultrasound scanners from
any vendor. Furthermore, it provides both offline and online
cardiac functional assessment modes and operates as a stan-
dalone portable and flexible system on a general computing
device.

[0010] A series of ultrasonic cardiac images from, for
example, echocardiograms are obtained from an echocardio-
gram database, for example, in an offline mode. Automatic
segmentation of each of the ultrasonic cardiac images is per-
formed for delineating the inner myocardial boundary or the
endocardium boundary in each of the ultrasonic cardiac
images by using a segmentation algorithm, for example, a
region based active contour segmentation algorithm. The
active contour segmentation algorithm allows fully-auto-
matic segmentation of the ventricular boundary without user
intervention and inputs. Multiple ventricular tissue segments,
defined using acoustic markers, are automatically identified
on the delineated endocardium boundary on a first ultrasonic
cardiac image. These identified acoustic markers are then
tracked across the rest of the ultrasonic cardiac images over
one or more cardiac cycles using a tracking algorithm based
on speckle tracking echocardiography. The tracking algo-
rithm dynamically adapts the size of the acoustic markers
with respect to the statistics of the ultrasonic cardiac images.
The tracking algorithm utilizes a synthetic phase algorithm
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for robust tracking of the acoustic markers. The phenomenon
of “drift” caused due to the movement artifacts in the ultra-
sonic cardiac images, which in turn reduces the accuracy of
the assessed or quantified cardiac parameters, is compensated
by using a compensation or lock-on algorithm. The computer
implemented method and system disclosed herein maximize
the robustness of the segmentation and tracking algorithms,
which in turn maximize the overall accuracy and quality of
the quantified cardiac parameters.

[0011] The cardiac parameters are then calculated using the
tracked acoustic markers on the ultrasonic cardiac images.
The cardiac parameters calculated using the tracked acoustic
markers comprise, for example, tissue displacement, and one
or more derived cardiac parameters. The derived cardiac
parameters comprise, for example, tissue velocity, tissue
strain, tissue strain rate, ventricular volume, and ventricular
ejection fraction. The quantified cardiac parameters are dis-
played in a parametric format and/or a graphical format on a
graphical user interface on a computing device.

[0012] One or more periodic stages of each of the cardiac
cycles, for example, expressed as systolic and diastolic
frames are determined using the segmented ultrasonic cardiac
images. An area defined within the endocardium boundary is
calculated in each of the ultrasonic cardiac images. The end-
systole image frames among the segmented ultrasonic car-
diac images are isolated, wherein each of the end-systole
image frames defines a minimum area within the endocar-
dium boundary. The end-diastole image frames among the
ultrasonic cardiac images are isolated, wherein each of the
end-diastole image frames defines a maximum area within
the endocardium boundary.

[0013] The computer implemented method and system dis-
closed herein calculates the total cardiac cycles and an instan-
taneous heart beat rate and/or an average heart beat rate by
determining frequency of the cardiac cycles based on recur-
rence of one or more of the end-systole image frame pairs and
the end-diastole image frame pairs.

[0014] The segmentation algorithm, for example, a region-
based active contour algorithm is configured to automatically
delineate the inner myocardial boundary or the endocardium
boundary using localized image statistics. The computer
implemented method and system disclosed herein automati-
cally generates an initial contour that constitutes an input to
the region-based active contour algorithm. The initial contour
is generated by calculating multiple cross-sectional intensity
profiles of the left ventricle on the ultrasonic cardiac images.
The cross-sectional intensity profiles are also used to auto-
matically calculate a localization factor that constitutes
another input to the region-based active contour algorithm.
These allow a full-automatic segmentation of the endocar-
dium.

[0015] The computer implemented method and system dis-
closed herein further identifies an apex of a left ventricle by
determining one or more acoustic markers with the least
displacement across the ultrasonic cardiac images. The basal
points of the left ventricle are then identified by determining
one or more acoustic markers with the largest or most dis-
placement across the ultrasonic cardiac images and by their
predefined geometric relationship with the apex of the left
ventricle. A long-axis and a short-axis of the left ventricle are
determined. The long-axis of the left ventricle is determined
by joining the apex of the left ventricle and a mid point of a
line segment that joins the basal points of the left ventricle.
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The short-axis is determined by a predetermined geometric
interpolation between the apex of the left ventricle and basal
points of the left ventricle.

[0016] The computer implemented method and system dis-
closed herein segments the outer myocardial boundary or the
epicardium boundary using the segmented endocardium
boundary. The acoustic markers of the endocardium bound-
ary are projected outwardly in a direction perpendicular to a
tangent line at each of the acoustic markers. The intensity
level along each of the projected acoustic markers is mea-
sured by traversing the projections to locate epicardium
boundary points. These epicardium boundary points define a
specific range of intensity gradients on the projections. The
determined epicardium boundary points are joined for seg-
menting or delineating the epicardium boundary.

[0017] The computer implemented method and system dis-
closed herein employs an adaptive speckle tracking algorithm
for tracking acoustic markers across the ultrasonic cardiac
images. Acoustic marker search blocks are employed for
searching the acoustic markers on each of the ultrasonic car-
diac images. The acoustic markers are tracked by correlating
the acoustic markers in a current ultrasonic cardiac image
with sub-sections of the acoustic marker search blocks in the
subsequent ultrasonic cardiac image. The dimensions of the
acoustic markers are dynamically adapted based on param-
eters of image statistics, for example, image intensity. The
dimensions of the acoustic marker search blocks are dynami-
cally adapted based on the frame rate of the ultrasonic cardiac
images.

[0018] The computer implemented method and system dis-
closed herein determines a synthetic phase component for
robustly tracking the acoustic markers. A resultant displace-
ment of each of a set of adjacent acoustic markers is calcu-
lated in terms of individual phase components. The synthetic
phase component is determined for the set of adjacent acous-
tic markers based on an orientation of a majority of the indi-
vidual phase components.

[0019] The computer implemented method and system dis-
closed herein compensates movement artifacts in the ultra-
sonic cardiac images for improving the tracking of the acous-
tic markers. The compensation is performed by shifting the
location of the acoustic markers on each subsequent end-
systole image frame towards one or more reference acoustic
markers located on the first end-systole image frame. In
another embodiment, the movement artifacts in the ultrasonic
cardiac images are compensated by shifting the location of
the acoustic markers on each subsequent end-diastole image
frame towards one or more reference acoustic markers
located on the first end-diastole image frame.

[0020] The computer implemented method and system dis-
closed herein estimates and corrects a tilt in each of the
ultrasonic cardiac images. The ultrasonic cardiac images are
divided into at least four quadrants with reference to a vertical
axis and a horizontal axis of a cardiac ultrasound. A tilt angle
between the estimated long-axis of the left ventricle and the
vertical axis of the cardiac ultrasound is calculated. The tilt
angle is corrected by transforming the coordinates of the
ventricular axis of the left ventricle to align with coordinates
of the cardiac ultrasound axis.

[0021] The foregoing summary and the following detailed
description refers to the cardiac functional analysis of the left
ventricle; however the scope of the computer implemented
method and system disclosed herein is not limited to func-
tional analysis of the left ventricle but may be extended to



US 2011/0262018 Al

include the fully automatic cardiac functional analysis of
other heart chambers, for example, right ventricle, left atrium
or the right atrium.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] The foregoing summary, as well as the following
detailed description of the invention, is better understood
when read in conjunction with the appended drawings. For
the purpose of illustrating the invention, exemplary construc-
tions of the invention are shown in the drawings. However, the
invention is not limited to the specific methods and instru-
mentalities disclosed herein.

[0023] FIG. 1 illustrates a computer implemented method
for performing automatic cardiac functional assessment
using a series of ultrasonic cardiac images.

[0024] FIG. 2 exemplarily illustrates a cross-sectional view
of a left ventricle.

[0025] FIG. 3 exemplarily illustrates a technique for local-
izing a region-based active contour algorithm.

[0026] FIG.4A exemplarily illustrates intensity profiles for
two cross-sections of the left ventricle.

[0027] FIG. 4B exemplarily illustrates a graphical format
of displaying intensity vectors of the intensity profiles.

[0028] FIG.4C exemplarily illustrates tracing of four inten-
sity profiles.
[0029] FIG. 5A exemplarily illustrates a computer imple-

mented method for identitying an apex and basal points on the
left ventricle and determining a long-axis and a short-axis of
the left ventricle.

[0030] FIG. 5B exemplarily illustrates endocardium dis-
placement at successive time periods and minimum and
maximum displacements of the apex and basal points respec-
tively.

[0031] FIG. 6A exemplarily illustrates a computer imple-
mented method for delineating an epicardium boundary.
[0032] FIG. 6B exemplarily illustrates projections of the
acoustic markers on the endocardium boundary onto the epi-
cardium boundary.

[0033] FIG. 7 exemplarily illustrates a computer imple-
mented method for determining one or more periodic stages
of the cardiac cycles.

[0034] FIG. 8A exemplarily illustrates tracking of an
acoustic marker between successive ultrasonic cardiac
images.

[0035] FIG. 8B exemplarily illustrates an adaptive method
of tracking acoustic markers across the ultrasonic cardiac
images.

[0036] FIG. 8C exemplarily illustrates a pseudocode for an
adaptive speckle tracking algorithm.

[0037] FIG. 8D exemplarily graphically illustrates imple-
mentation of the adaptive speckle tracking algorithm.

[0038] FIG. 9 exemplarily illustrates a synthetic phase
algorithm.
[0039] FIG. 10A exemplarily illustrates a strain graph

showing drift compensation in the ultrasonic cardiac images.
[0040] FIG.10B exemplarily illustrates a pseudocode for a
drift compensation algorithm.

[0041] FIG. 11A exemplarily illustrates a ventricular axis
with reference to an echocardiogram axis.

[0042] FIG. 11B exemplarily illustrates a computer imple-
mented method for estimating and correcting tilt in the ultra-
sonic cardiac images.

Oct. 27,2011

[0043] FIG. 12 exemplarily illustrates a computer imple-
mented system for performing automatic cardiac functional
assessment using a series of ultrasonic cardiac images.
[0044] FIG. 13 exemplarily illustrates the architecture of a
computer system used for automatic cardiac functional
assessment.

[0045] FIG. 14A exemplarily illustrates a graphical user
interface for displaying the calculated cardiac parameters in a
parametric format.

[0046] FIG. 14B exemplarily illustrates a graphical user
interface for displaying cardiac parameters, depicting the tis-
sue segmental strain parameters in a graphical format.
[0047] FIGS. 15A-15B exemplarily illustrate screenshots
of a graphical user interface for displaying cardiac param-
eters.

[0048] FIGS. 16A-16C exemplarily illustrate screenshots
of'aleft ventricle with varying shapes captured using different
ultrasound scanners and segmented using the segmentation
algorithm.

DETAILED DESCRIPTION OF THE INVENTION

[0049] FIG. 1 illustrates a computer implemented method
for performing automatic cardiac functional assessment
using a series of ultrasonic cardiac images. A series of ultra-
sonic cardiac images, for example, echocardiograms are
obtained from an echocardiogram database, for example, in
an offline mode. Automatic segmentation of each of the ultra-
sonic cardiac images is performed 101 for delineating an
endocardium boundary in each of the ultrasonic cardiac
images using a segmentation algorithm. The segmentation
algorithm is, for example, based on a region-based active
contour algorithm. The segmentation algorithm is configured
to automatically delineate the endocardium boundary using
localized image statistics. The computer implemented
method and system disclosed herein automatically estimates
102 an initial contour and a localization factor that constitute
inputs to the segmentation algorithm for delineating the
endocardium boundary. One or more periodic stages of each
of the cardiac cycles, for example, expressed as systolic and
diastolic image frames, are determined using the segmented
ultrasonic cardiac images, using which the total cardiac
cycles and an instantaneous and/or an average heart beat rate
are calculated.

[0050] Multiple acoustic markers are automatically identi-
fied 103 on the endocardium boundary on a first ultrasonic
cardiac image. The identified acoustic markers are tracked
104 across the ultrasonic cardiac images over one or more
cardiac cycles using a tracking algorithm. The tracking algo-
rithm is based on a speckle tracking echocardiography algo-
rithm that relies on random speckles appearing on the ultra-
sonic cardiac images due to scattering and reflection of
ultrasound beams in a myocardial tissue. The tracking algo-
rithm dynamically adapts 105 dimensions, for example, the
size of the acoustic markers with reference to the image
statistics and dynamically adapts the size of the search area,
where the acoustic markers are searched in each subsequent
image frame, with respect to the image frame rate. The track-
ing algorithm further calculates 106 a synthetic phase com-
ponent of a set of adjacent acoustic markers for robust track-
ing of the acoustic markers. The tracking algorithm
compensates for the movement artifacts, for example, drift in
the ultrasonic cardiac images by using a compensation or
lock-on algorithm. The location of the acoustic markers on
the ultrasonic cardiac images at each subsequent periodic
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stage, for example, on each subsequent diastolic image frame
is measured, and the measured location is shifted 107 or
“locked-on” towards one or more reference acoustic markers
that were located during the first periodic stage, for example,
on the first diastolic image frame. Cardiac parameters are
calculated 108 using the tracked acoustic markers on the
ultrasonic cardiac images. The cardiac parameters calculated
using the tracked acoustic markers comprise, for example,
tissue displacement, and one or more derived cardiac param-
eters. The derived cardiac parameters comprise, for example,
tissue velocity, tissue strain, tissue strain rate, ventricular
volume, and ventricular ejection fraction.

[0051] In the computer implemented method disclosed
herein, the segmentation algorithm is a region based active
contour algorithm. Active contours (AC) or deformable mod-
els are a class of algorithms widely used for image segmen-
tation. The basic concept in AC based segmentation is to
evolve an initial contour under the influence of internal and
external energies till an equilibrium is reached. With this
formulation, active contours (AC) are categorized as para-
metric or explicit and non-parametric or implicit, in terms of
the representation of the contour. Further, active contours are
categorized as edge-based or region-based, where the edge-
base active contours define stopping criteria based on a spe-
cific gradient-threshold in the image, while region-based
active contours use specific image statistics of the image to
define the stopping criteria. The computer implemented
method disclosed herein uses a region-based and non-para-
metric AC segmentation algorithm.

[0052] Inthe region-based AC algorithms, the energy func-
tional is based on global image-statistics, for example, aver-
age intensity, color or texture. This makes region-based AC
less prone to leakage and local-minima effects and enables
them to segment images whose boundaries have varying gra-
dient levels.

[0053] Non-parametric AC embeds the initial contour in a
high dimensional scalar function, defined over the entire car-
diac image domain. This is commonly known as a level-set
method. The contour is represented implicitly as the zero-th.
(0™) level set of the high dimensional scalar function. Over
the rest of the image space, the level-set function is defined as
the signed distance function from the zero-th level set. Spe-
cifically, given a closed contour C, the function is zero if a
pixel lies on the contour, otherwise the function is the signed
minimum distance from the pixel to the contour. By conven-
tion, the signed distance is regarded as negative for pixels
outside contour C and positive for pixels inside contour C.
The level-set function ¢ of the closed contour C is defined as:

O, y)y=xd((xy), C)

[0054] where +d((X, v),C) is the distance from point (X, y)
to the contour C and the + sign is chosen if the point (x, y) is
inside or outside of contour C.

[0055] The contour is now represented implicitly as the
zero-th level set of this scalar function:

C-{x, y)/o(x,y)-0}

[0056] The function ¢ which varies with space and time is
then evolved using a partial differential equation (PDE) con-
taining terms that are either hyperbolic or parabolic in nature.
The evolution of ¢ is in a direction normal to itself with a
known speed F.

[0057] The computer implemented method disclosed
herein uses a combination of region-based and level set AC
algorithms. The computer implemented method disclosed
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herein improves upon the existing region-based AC algo-
rithm, for example, the Chan-Vese algorithm in order to adapt
the algorithm for ultrasonic cardiac image segmentation. The
Chan-Vese algorithm has an energy functional that is inde-
pendent of an image gradient. The Chan-Vese algorithm
assumes that animage 1, is formed by two regions of approxi-
mately constant intensities, u,’ and p,° and that the object to
be segmented is represented by a region with the value p”. If
the boundary of this region is approximated by a contour C,,
thenp ~u, ' inside the contour and p_~y1 ° outside this contour.
Consider the energy functional:

E(C)=F1(C) + F2(C)
:f |y0—01|2dx+f |Mo—6‘1|zdx
inside(C) outside(C)

[0058] where C is a contour and ¢, and c, are the constant
intensities inside and outside the contour respectively. As
such, this functional would be minimized when C=C,; that is
when the contour lies on the boundary of the object that is to
be segmented.

[0059] The Chan-Vese algorithm aims to minimize this
energy functional E(C) by formulating itas a PDE. The Chan-
Vere model is based on the global image statistics, that is, it
assumes that two regions have constant intensities. FIG. 2
exemplarily illustrates a cross-sectional view of a left ven-
tricle. As exemplarily illustrated in FIG. 2, region 1 is an area
enclosed within the endocardium, that is, the blood pool and
region 2 is an area outside the endocardium comprising the
tissue, epicardium, and the area beyond the epicardium.
Region 1 and region 2 can have non-constant intensities,
especially region 2 which is composed of multiple entities. In
addition, there are scenarios when the intensities of both these
regions can overlap or be almost the same. Such conditions
can lead to erroneous endocardium segmentation using the
Chan-Vese algorithm. The computer implemented method
disclosed herein addresses this problem by introducing a
local image statistic term in the energy functional. The
assumption is that the image statistics are constant and dis-
tinct in areas adjacent to the boundary that needs to be seg-
mented. FIG. 3 exemplarily illustrates a technique for local-
izing the region-based AC algorithm. As exemplarily
illustrated in FIG. 3, region 1 and region 2 are localized to the
regions enclosed within the circle with diameter “d” or with
radius “r” 30 . at the endocardium boundary. In effect, the
regions of the Chan-Vese model are scaled down, or are
localized around the endocardium boundary. This transforms
the global region-based AC algorithm to a localized region-
based AC algorithm. Though the localized region-based AC
algorithm is comparatively more robust than the global
region-based AC algorithm, the localized region-based AC
algorithm is very sensitive to the amount of localization, that
is, the factor “r”. The localized region-based AC algorithm is
also sensitive to the location where the initial contour is
placed. Both these factors are extremely critical to achieve
correct segmentation. The computer implemented method
disclosed herein demonstrates a localized region-based AC
algorithm for endocardium segmentation, where the localiza-
tion factor “r” and the initial position of the contour are
estimated automatically. This makes the task of endocardium
segmentation fully automatic.
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[0060] FIG.4A exemplarily illustrates intensity profiles for
two cross-sections of the left ventricle. An observation in a
typical echocardiogram is that the left ventricle is parabolic
shaped and is the dominant artifact in the echocardiogram. A
cross-sectional intensity profile of the left ventricle has
almost the same pattern in any echocardiogram. As observed,
both the intensity profiles, profile 1 and profile 2, follow a
similar pattern, where the intensity is high, for example, about
1, on the tissue segments and low, for example, about O
elsewhere. The intensity profiles can be formulated as inten-
sity-vectors which have a characteristic pattern, as observed
by the intensity-vectors V1 and V2 as follows:
V1[0,0,0,0,0,0,0,0,0,0,0,1,1,1,1,0,0,0,0,0,0,0,0,0,0,0,
0,0,0,0,0,0,0,0,0,0,1,1,1,1,0,0,0,0,0,0,0, 0,0]

V2=[0,0,0,0,0,0,0,0,0,0,0,1,1,1,1,0,0,0,0,0,0,0,0,0,0,0,
0,0,0,0,0,0,0,0,0,0,1,1,1,1,0,0,0,0,0,0,0, 0,0]

V1 and V2 correspond to profile 1 and profile 2 respectively
as exemplarily illustrated in FIG. 4A and FIG. 4B. FIG. 4B
illustrates a corresponding graphical format of displaying the
intensity vectors of the intensity profiles, profile 1 and profile
2.

[0061] In the vectors V1 and V2, the zero (~0) elements
correspond to low intensity non-tissue areas and the ones (~1)
correspond to high intensity tissue areas. Also, each element
corresponds to the spatial location of the corresponding pixel
that the element represents. Hence, the vector can be formu-
lated as an Nx3 matrix, whose first column represents the
intensity level i and the second and third columns correspond
to the x and y coordinates of the pixel. Each row of this matrix
corresponds to a single pixel. An example matrix with N=3
for vector V1 is as follows:

il x1 yl
Vl:[iZ x2 y2]

i3 x3 y3

[0062] The pattern of any intensity-vector, for example, V1
and V2 is the same. Traversing the vectors from left to right,
the spatial location adjacent to the endocardium on the inside,
that is, on region 1, corresponds to the starting and ending
positions of a second subset of zeros. This is highlighted in
bold and italicized in vectors V1 and V2 and by the oval-
shaped circles in FIGS. 4A-4B. This observation is utilized to
create an array of circles or points adjacent to the endocar-
dium in region 2 by tracing several intensity profiles. FIG. 4C
exemplarily illustrates tracing of four intensity profiles and
the resulting 7 adjacent circles or points near the endocar-
dium. These adjacent points (1-7) allow estimation of the
scaling factor or localization factor r that is required for the
localized region-based AC algorithm. Typically, these points
are around 8-10 pixels in length, as observed in the vectors V1
and V2. As such, the scaling factor r=1, where 1 is the length of
the adjacent points estimated from the intensity-vector, for
example, V1 and V2.

[0063] The position of the initial contour is estimated by
connecting all these adjacent points (1-7), as illustrated in
FIG. 4C, where the dotted line connects point 1 to 7. The
estimated localization factor r and the initial contour are used
as inputs to the localized region-based AC algorithm. This
ensures that an accurate automatic segmentation of the
endocardium is achieved for any echocardiogram.
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[0064] The overall localized region based AC algorithm is
formulated in the level-set paradigm herein as follows. The
Chan-Vese energy functional is given by:

E(C) = F1(C) + F2(C)
:f |uo—c1|2a¢x+f lto — 1P dx
inside(C) outside(C)

[0065] The level-set formulation of this functional defined
over the image domain €2 is:

E(D, ¢, ¢o)=?Ipn,~c; PVH(@)dx+[ gl ~c, *(1-VH
(@))dx

[0066] where H(©) is the Heaviside function:

1 when Q(x) <-g
0 when Q(x) >e

HOW) =
1{1 O 1. (ﬂ((z)(x)]} .
=<1+ — + —sin| —— otherwise
2 e =« &

[0067] The level-set representation of ¢, and c, is:

f o H®)dx
Jo

(@) = fQH((Z))dx

fﬂo(lﬂ((l))) dx
j9)

A
O

[0068] The localization of this energy functional is per-
formed by defining a function:

1 when |x—y| <r;

Bx, y) = {

0 otherwise

[0069] where x is a point on the boundary and r, is the
localization factor, which essentially is the radius around x
that defines the local area, as illustrated in FIG. 3 and y is a
variable. This function will be 1 when the point y is within the
ball of radius r,..

[0070] This function is used to localize the Chan-Vese
energy functional, in which terms ¢, and c, are localized, and
are given by:

B(x, NpH(P) dx

Cll((z)) = e —
JoBe, y)H(@)dx

fﬂB(x, Mio(l — H@) dx
JoBG, (L - H®)dx

@ =
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[0071] The localized version of the energy functional is
then represented as:

E@, ¢ e)alig-ci (@) VH@)dx+glu,~c5 (@)
(1-VH(D))dx

[0072] The PDE of this functional is given by:
9
((Za)(tx) = 6(2)(x)f B(x, Y)SDO) (o = c10)® = (o — 20y +
Qy
[ VOw)
/\(Z)(X)dW(W(D(x)l]IIV Dol
[0073] The second term in this PDE is added in the func-

tional as a regularization term, to keep the contour smooth.

[0074] Here, d O(x) is the derivative of H() and is defined
as:
1 when Q(x) =0
SO0 - 0 when Q(x) <e
1 { (ﬂ (D) ]} .
—41+cos otherwise
2e &
[0075] This PDE is then evolved using the estimated value

of'the scaling factor r and the estimated position of the initial
contour, till the equilibrium condition is reached.

[0076] The above procedure demonstrates the fully-auto-
matic segmentation of the endocardium using the localized
region based and level-set AC algorithm. FIGS. 16A-16C
exemplarily illustrate a graphical user interface displaying the
results of the segmentation algorithm disclosed herein. As
illustrated in FIGS. 16A-16C, the segmentation algorithm
successfully segments the endocardium ofleft ventricles hav-
ing varying shapes and sizes. Also, the echocardiograms are
captured using different ultrasound scanners and hence have
different signal-to-noise (SNR) levels.

[0077] In an embodiment, the energy functional of the
localized region based AC algorithm can be constrained by a
shape-prior term. This means that the shape of the segmented
contour can be constrained to take the shape that resembles a
ventricle. This shape would be parabolic as the shape of the
ventricle resembles a parabola. In another embodiment, AC
algorithms whose energy functional are designed to be suit-
able for endocardium segmentation can be used in lieu of the
localized region based AC algorithm.

[0078] The acoustic markers are automatically identified
on the segmented endocardium. As exemplarily illustrated in
FIG. 4C, the cross sectional intensity profiles are estimated on
the echocardiogram. The acoustic markers are identified
using these multiple cross-sectional intensity profiles of the
left ventricle on the ultrasonic cardiac images. With reference
to FIG. 4C, the acoustic markers correspond to the points 1-7
that define the ventricular tissue segments in the parametric
image. Since the acoustic markers are located in a region
adjacent to the endocardium boundary, the acoustic markers
are pushed slightly outwards, such that they lie over the
ventricular tissue. These acoustic markers are then tracked
using a tracking engine and the results of this tracking are
used for calculating the cardiac parameters.

[0079] The segmented endocardium contour is available as
a vector. The elements of this contour vector are unevenly
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spaced. The first step in tracking is to evenly distribute these
elements. The length of the vector is computed by adding up
the distances between each ofthe vector’s element as follows:

1= 1| pul ey
=0

B

[0080] wherelisthelength ofthe contour vector and nisthe
total number of the elements. The average length between two
adjacent elements is then given by:

[0081] The contour is then re-parameterized by using I, as
the distance between each element, by which the elements of
the resulting contour have an equal spatial distance between
them.

[0082] FIG. S5A exemplarily illustrates a computer imple-
mented method for identitying an apex and basal points on the
left ventricle and determining a long-axis and a short-axis of
the left ventricle. The ventricular apex is identified 501 by
determining the acoustic Markers with least displacement
across the ultrasonic cardiac images. The ventricular apex has
negligible movement during a cardiac cycle compared to the
rest of the ventricle. As such, the point(s) on the ventricle that
have the least displacement are marked as the ventricular
apex. FIG. 5B exemplarily illustrates endocardium displace-
ment at successive times, for example, t1, t2 and t3. FIG. 5B
also illustrates positions of the apex and the basal points, and
the minimal and maximal displacements of the apex and basal
points respectively. As illustrated in FIG. 5B, the apex point is
displaced the least and the basal points are displaced the most.
The acoustic markers are tracked for FPS/2 frames, where
FPS is the frame-rate per second of the echocardiogram. The
time period, FPS/2, is sufficient for determining the points on
the ventricle that have the least movement. After tracking the
acoustic markers for FPS/2 frames, the point(s) that have the
least displacement is identified as the ventricular apex.
[0083] Thebasal points of the ventricle are estimated based
on the fact that the basal points exhibit maximum displace-
ment during a cardiac cycle as exemplarily illustrated in FI1G.
5B. The points that have the maximal displacements across
the ultrasonic cardiac images over a cardiac cycle are marked
or identified 502 as the basal points. To eliminate cases where
the points exhibiting maximum displacement are actually not
the basal points, the basal points of the left ventricle are
identified 502 based on a predefined geometric relationship
with the apex of the left ventricle. The left ventricle can be
approximated as an isosceles triangle. The re-parameterized
segmented endocardium contour is divided in the ratios cor-
responding to the sides of an isosceles triangle, with the apex
point as the apex of the isosceles triangle. A perpendicular is
drawn from the apex till it intersects the contour at the base of
the isosceles triangle. This forms the mid point of the base of
the isosceles triangle. If the estimated basal points are con-
nected by a line, this line segment is then the base “b” of the
isosceles triangle, as exemplarily illustrated in FIG. 5B. Any
point or points that display maximum displacement, but are
not located in the vicinity of the end-points of the base “b” are
rejected. This ensures accurate estimation of the basal points.
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[0084] The long-axis and the short-axis of the left ventricle
are determined 503. The long-axis of the left ventricle is
determined as the line segment that joins the apex of the left
ventricle and the mid point of the base line segment. The
short-axis is determined by a predetermined geometric inter-
polation between the apex and basal points. The short-axis is
determined by joining points that are at %3rd the distance from
the apex to the basal points.

[0085] The re-parameterized contour is then segmented
into, for example, six segments, according to the American
Society of Echocardiography’s (ASE’s) guidelines. The
apex-to-basal point and apex-to-basal point 2 segments are
divided into six segments as exemplarily illustrated in FIG.
6B. The identified 7 acoustic markers that constitute the six
ventricular segments are then tracked by the tracking engine
for estimating the cardiac parameters.

[0086] FIG. 6A exemplarily illustrates a computer imple-
mented method for delineating an epicardium boundary. The
epicardium boundary is segmented using the segmented or
delineated endocardium boundary. The acoustic markers of
the endocardium boundary are projected 601 outwardly in a
direction perpendicular to a tangent line at each of the acous-
tic markers. FIG. 6B exemplarily illustrates these projections
on the segmented endocardium contour. The intensity level
along each of the projected acoustic markers is measured 602
by traversing the projections to determine epicardium bound-
ary points, where a sharp gradient is encountered at the epi-
cardium boundary. The epicardium boundary points define a
specific range of intensity gradients on the traversed projec-
tions. The determined epicardium boundary points are joined
603 for segmenting or delineating the epicardium boundary.

[0087] One or more periodic stages of each of the cardiac
cycles, for example, in terms of the systolic and diastolic
image frames are determined. FIG. 7 exemplarily illustrates a
computer implemented method for determining one or more
periodic stages of the cardiac cycles. The localized region
based AC segmentation is applied to all the image frames of
the echocardiogram. For each segmented image frame, the
area enclosing the endocardium boundary is calculated 701
by counting the total number of pixels within the segmented
endocardium contour. The end-systole image frames among
the segmented ultrasonic cardiac images are determined 702
or isolated, wherein the end-systole image frames define a
minimum area within the endocardium boundary. The end-
diastole image frames among the segmented ultrasonic car-
diac images are determined 703 or isolated, wherein the end-
diastole image frames define a maximum area within the
endocardium boundary. This information allows the compu-
tation of the total number of cardiac cycles by summing the
total number of systole or diastole image frames:

Total cardiac cycles=Z(systole or diastole) frames

[0088] In an embodiment, the frequency of the periodicity
of'the cardiac cycles is determined using a fast Fourier trans-
form (FFT) algorithm and is used to determine the end-sys-
tole and/or end-diastole image frames. The input to the FF1 is
the data that is output by tracking the acoustic markers. The
instantaneous heart beat rate and an average heart beat rate is
calculated by determining frequency of the cardiac cycles
based on recurrence of one or more of the end-systole image
frame pairs and the end-diastole image frame pairs. For
example, the instantaneous heart beat rate is calculated by
determining the time elapsed between a pair of end-systole
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image frames or a pair of end-diastole image frames. The
instantaneous heart beat rate is given by:

oo Total Cardiac Cycles

i AT Hz (cycles/sec)

[0089] where AT is the time elapsed between a systole or a
diastole image frame-pair.
[0090] The average heart beat rate is given by:

" Total Cardiac Cycles
a f

[0091] where T is the total duration of the echocardiogram,
which is obtained from the header of an echocardiogram file
obtained from an echocardiogram database.

[0092] The acoustic markers identified on the segmented
endocardium are tracked using object tracking algorithms.
These algorithms are commonly referred to as speckle track-
ing echocardiography (STE), when they are applied to track
the acoustic markers for tissue tracking.

[0093] The underlying principle of STE is that the ultra-
sound waves reflected from the ventricular tissue give rise to
anirregular and random speckle-pattern. This speckle-pattern
is unique, similar to a fingerprint, in a small region on the
tissue and is termed as kernel. When the tissue moves during
a cardiac cycle, the position of this kernel shifts slightly, but
remains fairly constant between two subsequent image
frames. The position of the kernel remains constant, provided
the time period between two successive image frames is
below a certain threshold. An object tracking algorithm is
then used to search or track this kernel between a given frame
f,and the subsequent frame £,, ;. These kernels are the acoustic
markers, identified with reference to FIG. 4C. However, if the
time period between two image frames is above a certain
threshold, the speckle-pattern of these acoustic markers
between those two image frames is no longer the same and
cannot be tracked.

[0094] The acoustic markers are tracked by correlating the
acoustic markers and their respective acoustic marker search
blocks between a current ultrasonic cardiac image and a sub-
sequent ultrasonic cardiac image. The acoustic marker search
blocks are employed for searching the acoustic markers on
each of the ultrasonic cardiac images. As exemplarily illus-
trated in FIG. 8 A, an acoustic marker block A, is defined as a
block of dimension NxM pixels in frame f, with the acoustic
marker pixel at the center of the acoustic marker block. FIG.
8A exemplarily illustrates tracking of an acoustic marker
between successive ultrasonic cardiac images. The area in the
subsequent frame f,, ;, where A, is to be searched is defined as
the search block S, of dimension OxP pixels. This search
block is further divided into sub-blocks S, each of which has
the same size as that of the acoustic marker block A,. To
search for the acoustic marker in frame f,, ,, that is, to track
801 the acoustic marker, the acoustic marker block A, is cross
correlated using a two dimensional (2D) cross correlation
algorithm with each sub-block S;,. The sub-block that results
in the highest correlation or the best match is declared as the
tracked position of A, in the frame £, ;.

[0095] This tracking process is performed for each of the
seven acoustic markers across all the image frames in the
echocardiogram. The result of this tracking is essentially the
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amount of displacement that each acoustic marker undergoes
during a cardiac cycle. This displacement is used to calculate
the cardiac parameters.

[0096] The 2D cross correlation algorithm used for track-
ing is a normalized cross correlation (NCC) algorithm
defined as follows:

M N
[ZZ(l[i+x, JH ) U Tk +x,1+y]-1{,v)]

NCC =

M N M N
\/(X ULi+x, j-yl- av)z]* DY (Z/Lk+xsl+yJ_1¢/zv)2]
|

=1x=1

[0097] where NCC is the normalized cross correlation
coefficient,

[0098] 1, andT',, are the average intensities of A, and S,
respectively,

[0099] (i, ) and (X, y) are the top left corner coordinates of
A, and S, respectively.

[0100] Theideal value ofthe NCC coefficientis 1. Based on
visual observations, the typical values of the NCC coefficient
for successfully tracking the acoustic markers across two
subsequent frames fall in the range of, for example, 0.8-0.99.
The NCC coefficient is sensitive to the FPS of the echocar-
diogram and the quality of the speckle-statistics, that is, the
speckle-pattern. These variables in-turn dictate the sizes for
A, andS,.

[0101] For a given pair of successive frames in an echocar-
diogram, a low value of FPS implies that the time duration
between the two successive frames is more compared to a
high value of FPS. In effect, the acoustic marker traverses a
larger distance between two successive frames at low FPS,
compared to the distance traversed by the acoustic marker at
high FPS. This in turn implies that, at low FPS, the acoustic
marker needs to be searched in a larger area, that is, in a larger
S,. The relationship between FPS and S, is inversely propor-
tional:

[0102] The acoustic markers can be successfully tracked
(i.e. NCC ~0.8-0.99) only if the time period between two
successive frames is below a certain threshold. If the time
period or the equivalent FPS is above this threshold, de-
correlation can occur (i.e. NCC<0.8), which results in a tissue
tracking failure. Based on visual observations of acoustic
marker tracking, the range for appropriate frame rate is, for
example, 50-80 FPS, depending on the type of ultrasound
scanner.

[0103] The quality of the speckle-pattern, essentially the
speckle-statistics, is determined by the ultrasound scanner.
New generation ultrasound scanners that have high quality
transducers and digital beam-formers, render high quality
echocardiograms, which exhibit high quality speckle-statis-
tics. The computer implemented method disclosed herein
uses the average intensity I, as a measure of the speckle-
statistics quality. I ,,, is a statistical measure that approximates
the speckle-statistics well and is easy to compute:
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i=N-1
P()
i
(N-1

lay =

[0104] where N is the total number of pixels in a given
acoustic marker block A,.

[0105] Given a typical intensity range of 0-255 for gray-
scale image frames, it is considered that the speckle-statistics
quality is low if the value of I, falls in the range of 80-100,
and high if the value of I, is in the range of 175-200.

[0106] Based on visual observations of the acoustic marker
tracking, I, depends on the size of the acoustic marker block
A,, to some extent, owing to the fact that a larger block-size
contains more speckles. A larger block size effectively
increases the overall intensity level. As such, the size of A,
can be increased to a certain level to achieve the desired [ ,,.
Their relationship is directly proportional as follows:

Ln=A,

[0107] The computer implemented method disclosed
herein employs an adaptive speckle tracking algorithm for
tracking acoustic markers across the ultrasonic cardiac
images. FIG. 8B exemplarily illustrates an adaptive method
of tracking acoustic markers across the ultrasonic cardiac
images. The dimensions of the acoustic marker block A, and
the acoustic maker search block S, are dynamically adapted
802 and 803 throughout all the cardiac cycles based on the
values of 1, and FPS respectively. For example, the higher the
image intensity, the smaller is the size of the acoustic marker
block A, . Similarly, the higher the FPS, the smaller is the size
of the acoustic marker search block S,. For a given echocar-
diogram, the FPS remains constant, but the value of 1 ,, varies
across the ventricular tissue segments. [, can also vary at the
same spatial location on the ventricle, across different frames.
For example, the tissue segment near the apex point can have
different values of I, as compared to the segment near the
basal points. Also, the value I, at a specific location, for
example, the apex point can vary between two image frames.

[0108] FIG. 8C exemplarily illustrates a pseudocode for an
adaptive speckle tracking algorithm. The algorithms for
adaptive acoustic marker size and the adaptive search area
size are defined by the pseudocode, which dynamically
updates A, and S, with respect to I, and FPS respectively.
These algorithms parse a lookup table that contains the values
of A, and S, for different I ,, and FPS values. The FPS of the
echocardiogram is computed from the header of the echocar-
diogram. The current frame f, and the subsequent frame {,,
are obtained. The image intensity I, is computed for each
acoustic marker A,. The size of S, is estimated based on the
values of FPS using the adaptive search area size algorithm.
Thesize of A, is estimated based on the values of I, using the
adaptive acoustic marker size algorithm. The search block S,
is divided into sub-blocks S, each having the same size as
thatof A,. The NCC between A, and each S, is estimated by
the 2D cross-correlation algorithm. The S, that has the high-
est NCC is declared as the match. Based on the value of the
NCC coefficient compared to the threshold of 0.8, the success
or failure of the acoustic marker tracking is indicated. The
values f, and f,,, are incremented to the next image frames,
and the steps are repeated.
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[0109] FIG. 8D exemplarily graphically illustrates imple-
mentation of the adaptive speckle tracking algorithm. The
adaptive speckle algorithm makes the acoustic marker track-
ing highly robust. If the sizes of A, and S, are not made
adaptive, it can lead to tracking failure due to fluctuating
speckle-statistics I ,,. Moreover, though the FPS is constant
for a given echocardiogram, the FPS can vary with different
echocardiograms. As such, a static value of A, and S,, may
not guarantee a successful tracking for all echocardiograms.
Therefore, the adaptive speckle tracking algorithm disclosed
in the detailed description of FIGS. 8B-8D increases the
accuracy and robustness of the acoustic marker tracking.
[0110] In an embodiment, the 2D correlation algorithm
used in the computer implemented method disclosed herein is
the sum of absolute differences (SAD) algorithm. The SAD
algorithm yields results similar to the 2D correlation algo-
rithm.

[0111] Though the adaptive speckle tracking algorithm dis-
closed in the detailed description of FIGS. 8B-8D increases
the accuracy and robustness of the acoustic marker tracking,
the tracking is made more robust by a synthetic phase algo-
rithm, which overcomes factors such as excessive noise in the
ultrasonic cardiac images or a FPS below the threshold of 30
FPS. In the synthetic phase algorithm, a set of 2 to 4 acoustic
markers are defined adjacent to a given acoustic marker. In the
normal tracking mode, a total of 7 acoustic markers are
defined, which corresponds to six tissue segments according
to the ASE’s parametric imaging guidelines. If each acoustic
marker set comprises 5 acoustic markers, a total number of 35
acoustic markers are available. The synthetic phase compo-
nent is constructed for further improving the tracking of the
acoustic markers. FIG. 9 exemplarily illustrates the synthetic
phase algorithm. As illustrated in FIG. 9, a basal acoustic
marker, named A1 is supplemented by four additional acous-
tic markers, namely A2 to A5, to create an acoustic marker set.
[0112] This acoustic marker set A1-AS is then tracked as
disclosed in the detailed description of FIGS. 8A-8D. A
resultant displacement of each adjacent acoustic marker in
the acoustic marker set is calculated in terms of individual
phase components. This displacement is a vector having mag-
nitude and direction components. The direction component is
defined as the phase component of the acoustic marker. The
acoustic markers Al to AS in the acoustic marker set are
tracked from frame 1, represented by time t1, to frame 2,
represented by time t2. The arrows in FIG. 9 represent the
displacement vector. As illustrated in FIG. 9, the phase P1 of
vector Al is incorrectly oriented towards a bottom-right
direction, while the phases of rest of the vectors A2-AS5 are
oriented towards a top-right direction. The vector A1 is point-
ing towards the bottom-right direction, possibly due to a
tracking failure. Consequently, the synthetic phase algorithm
considers the phase that is in majority among all the phases
(P1-P5). As illustrated in FIG. 9, phases of vectors A2 to A5
are in majority, as these phases point in the same top-right
direction. As such, the effective phase component or a syn-
thetic phase component is constructed based on the orienta-
tion of the majority of the individual phase components.

[0113] The synthetic phase algorithm is based on the ratio-
nale that the displacement of a small tissue segment on the
ventricle is in the same direction. Since each acoustic marker
set represents a small tissue segment, all the acoustic markers
in the acoustic marker set necessarily have the same displace-
ment in the same direction. As illustrated in FIG. 9, the
incorrect phase P1 of vector Al is corrected by updating the
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vector to a phase P1' using the constructed synthetic phase
component. The spacing between the acoustic markers in the
acoustic marker set is about 1-2 pixels for ensuring that the
acoustic markers represent a small tissue segment. The syn-
thetic phase algorithm ensures that any acoustic marker that
undergoes a tracking failure is corrected based on the syn-
thetic phase component.

[0114] While tracking an acoustic marker, a phenomenon
called “drift” can occur due to jitters in a cardiac ultrasound
probe, uneven breathing-rhythm or the movement of the
patient, etc. Drift is an example of a movement artifact in the
cardiac ultrasound. The effect of these can result in the acous-
tic marker gradually drifting away from its actual position
over a period of few cardiac cycles. Typically, the displace-
ment graph or the graph of the cardiac parameters derived
from the displacement, of an acoustic marker over the cardiac
cycles should be periodic. This is due to the fact that the
cardiac cycle is a periodic phenomenon and as such, each
point on the ventricle is expected to exhibit a periodic behav-
ior. However, due to the drift phenomenon, the graph starts
varying as exemplarily illustrated in FIG. 10A. FIG. 10A
exemplarily illustrates a strain graph showing drift compen-
sation in the ultrasonic cardiac images. The strain graph
shows the drift and correction of this drift by the compensa-
tion or lock-on algorithm.

[0115] As the drift is gradual and is spread across a few
cardiac cycles, the calculated value of the NCC coefficient,
falling within the range of 0.9-0.99, may not indicate the
occurrence of the drift phenomena. The fact that the ventricle
exhibits a periodic motion is used to correct the drift condi-
tion. An acoustic marker, which represents a small tissue
segment, has to regain its initial position after a time period,
approximately equal to 1/(cardiac cycle frequency). This
essentially means that the acoustic marker regains the same
spatial location at every systole or diastole frame in each
cardiac cycle. The drift is compensated by shifting location or
correcting the position of the acoustic marker on each subse-
quent end-systole image frame towards one or more reference
acoustic markers, reflecting the acoustic marker’s initial posi-
tion on the first end-systole image frame. In another embodi-
ment, the drift is compensated by shifting the location of each
acoustic marker on each subsequent end-diastole image
frame towards one or more reference acoustic markers,
reflecting the acoustic marker’s initial position on the first
end-diastole image frame. The graph in FIG. 10A shows the
effect on the strain graph when the graph is drift corrected
using the lock-on algorithm. The lock-on algorithm corrects
the position of an acoustic marker in a systole or diastole
frame, if the acoustic marker has drifted away from its origi-
nal position. FIG. 10B exemplarily illustrates a pseudocode
for a drift compensation algorithm, namely the lock-on algo-
rithm. This drift correction is performed for each of the 7
identified acoustic markers. The initial spatial location of an
acoustic marker is calculated and stored, that is the position of
the acoustic marker is “locked on” in the first systole or
diastole image frame, whichever image frame occurs first.
The position of this acoustic marker in subsequent systole or
diastole image frames is measured. The systole and diastole
image frames in a given echocardiogram are estimated and
the frame numbers of these images are recorded. If the spatial
location of the acoustic marker in a subsequent systole or
diastole image frames is not the same as the initial spatial
location, the drifted acoustic marker is shifted or pulled back
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to the initial location. These steps for drift compensation are
repeated for each acoustic marker.

[0116] The result of the acoustic marker tracking is essen-
tially the displacement that a tissue segment, represented by
one or more acoustic markers, undergoes during a cardiac
cycle. The displacement of the tissue segment, which is a
cardiac parameter, is used to derive other cardiac parameters.
As disclosed in the detailed description of FIG. 9, the dis-
placement is available as a vector having magnitude and
phase components. In cardiac functional assessment, this dis-
placement vector is broken down into two components,
namely the longitudinal and radial components, which corre-
spond to the projection of the vector on the Y axis and X axis
respectively. The estimation of these longitudinal and radial
components is straightforward if the ventricular axis is the
same as the echocardiogram axis. However, in most cases the
ventricle can have a tilt with respect to the echocardiogram
axis. As a result, the ventricle has to be aligned with the
echocardiogram axis before computation of the longitudinal
and radial components.

[0117] The computer implemented method disclosed
herein estimates and corrects the tilt in each of the ultrasonic
cardiac images using, for example, slope and rotational
matrix algorithms. This allows quantification of echocardio-
grams whose coordinate axis is not aligned with the axis of
the ultrasound scanner. The tilt or the angle between the
long-axis of the left ventricle and the vertical or Y axis of the
echocardiogram is calculated from the delineated endocar-
dium boundary. The tilt is automatically estimated by calcu-
lating the slope of the long-axis of the ventricular axis and
consequently calculating the angle by which the ventricle is
tilted. As illustrated in FIG. 11A, the long-axis of the left
ventricle estimated earlier, approximates the Y component of
the ventricular axis and its slope m is calculated as follows:

2=yl
"= x2 —xl

where (y1, y2) and (x1, x2) are the spatial coordinates of the
long-axis.

[0118] The angle is then calculated as follows:

6, —(tanlm)*L degrees
= 180 °®

[0119] FIG. 11B exemplarily illustrates a computer imple-
mented method for estimating and correcting tilt in the ultra-
sonic cardiac images. The ultrasonic cardiac images are
divided 1101 into at least four quadrants with reference to a
vertical axis and a horizontal axis of a cardiac ultrasound. The
tilt or angle between the long-axis of a ventricular axis of the
left ventricle and the vertical axis of the cardiac ultrasound
axis is calculated 1102. The tilt angle is corrected 1103 by
transforming coordinates of the ventricular axis to align with
coordinates of the cardiac ultrasound axis. The ventricle is
aligned to the echocardiograph axis by multiplying the coor-
dinates of the long-axis using the standard rotational matrix
as follows:
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x [ cosf;, —sinb; H x }
v " | sing, cosé, ||y

[0120] After correcting the tilt, the longitudinal and radial
displacement components of the displacement vectors are
estimated by taking the projection of the displacement vector
on the echocardiographicY axis and X axis, respectively.
[0121] The cardiac parameters, for example, tissue dis-
placement, tissue velocity, tissue strain, tissue strain rate,
ventricular volume, and ventricular ejection fraction are then
automatically calculated based on known relationships
between the cardiac parameters. For each tissue segment, the
values of the cardiac parameters are calculated with respect to
the parametric imaging model as per the ASE guidelines. The
cardiac parameters are calculated, for example, for 1-5 cycles
at 80-100 FPS in about 2 minutes.

[0122] Tissue displacement is the amount of displacement
D in centimeters that a specific acoustic marker undergoes
during a cardiac cycle. The displacement is calculated by
tracking the acoustic markers using the adaptive tracking
algorithm as disclosed in the detailed description of FIGS.
8A-8D. All the components, for example, absolute, longitu-
dinal and radial components of the displacement are calcu-
lated for all the six segments in the parametric format and the
graphical format.

[0123] Tissue velocity is defined as the amount of displace-
ment that an acoustic marker undergoes within a given dura-
tion. The tissue velocity V is calculated as follows:

yoSD
—Ecm Sec

[0124] where Atis the time difference between two succes-
sive image frames. The absolute, longitudinal and radial com-
ponents of velocity are calculated for all the six segments in
the parametric format and the graphical format.

[0125] Tissue strain is defined as the percentage of defor-
mation that a specific tissue segment undergoes in a given
duration of time. If the original length of the tissue segment is
defined by L, and the length after the deformation is defined
by L, the tissue strain € is given by:

Ll
T

[0126] The length of the tissue segment is estimated by
measuring the distance between two adjacent acoustic mark-
ers. The absolute, longitudinal and radial components of
strain are calculated for all the six segments in the parametric
format and the graphical format.

[0127] Tissue strain rate € is defined as the rate at which
tissue deformation occurs, that is, the rate of change of tissue
strain in a given duration of time, and is given by:






