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(57) ABSTRACT

A method of tracking position and velocity of objects’ bot-
ders in two or three dimensional digital images, particularly
in echographic images comprises the steps of: Acquiring a
sequence of at least two consecutive ultrasound image frames
ofamoving tissue or a moving object which frames are timely
separated by a certain time interval; Automatically or manu-
ally defining a certain number of reference points of a border
of a moving tissue or object at least on a first image frame of
the sequence of image frames acquired; Automatically track-
ing the border of the moving tissue or object in the at least one
further following frame by determining the new position of
the reference points of the border in at least one following
image frame of the sequence of image frames by estimating
the position of the said reference points in the said at least
following image frame of the sequence of image frames on
the basis of the ultrasound image data of the acquired
sequence of image frames. In the present invention the
sequence of image frames acquired is a sequence of consecu-
tive B-mode, grey scale ultrasound images; On a first frame a
border line is drawn either manually or by means of an auto-
matic border detection algorithm. The original trace of pixels
of the manually or automatically drawn border line is fol-
lowed in time, i.e. in at least one following image frame by
searching the maximum likelihood ofthe trace of pixels inthe
following image frame with the trace of pixels in the first or
timely previous image frame by analyzing the image pixels in
the neighborhood of the said trace of pixels.
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Figura 1. Immagine ecografica del ventricolo sinistro, in vista dell'asse
lungo (dall'apice al piano mitrale), estratta da una registrazione
ecocardiografica (58 fotogrammi,2 cicli) con un contorno endocardico
(bianco) e la velocita del contorno istantanea (grigia).
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Figura 2. Immagine ecografica del ventricolo sinistro, in vista dell'asse
corto (sezione trasversale), estratta da una registrazione ecocardiografica
(49 fotogrammi, 2 cicli) con un contorno endocardico “chiuso” (bianco) e la
velocita del contorno istantanea (grigia).
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Figura 3. Immagine ecografica del ventricolo sinistro, in vista dellasse
lungo. | contorno endocardico tracciato definisce implicitamente | punti
iniziale e finale e il piano mitrale. E' indicata la posizione dei tag||
transmurali, passanti dai punti di margine e perpendicolari al piano
transmitrale.
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Figura 4. Rappresentazione spazio-tempo, in cui lo spazio & lungo un taglio transmurale, di una sequenza di

immagini ecografiche. il taglio transmurale viene preso come il punto inizia

Pevoluzione del tempo del punto iniziale, rilevata automaticamente.
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Figura 6. Schizzo di un taglio di un insieme di dati a tre dimensioni con due
piani ortogonali, aventi una direzione comune, per ottenere due immagini a
due dimensioni.
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Figura 7. Schizzo del taglio di un insieme di dati a tre dimensioni con piani
trasversali che sono ortogonali ai piani principali come quelli impiegati nella
figura 6.
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Figura 8. Parti su un insieme di dati di ecografia a tre dimensioni del cuore
sinistro. Il contorno del ventricolo sinistro & noto sullimmagine verticale. |l
contorno in corrispondenza dellintersezione con le parti orizzontali rappresenta
| punti iniziali per rilevare il contorno sulle immagini orizzontali.
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Figura 9. Parti orizzontali su un insieme di dati di ecografia a tre dimensioni
del cuore sinistro. Sono indicati i punti iniziali € un primo contorno circolare
supposto.



US 2008/0118109 A1

METHOD OF TRACKING POSITION AND
VELOCITY OF OBJECTS’ BORDERS IN TWO OR
THREE DIMENSIONAL DIGITAL IMAGES,
PARTICULARLY IN ECHOGRAPHIC IMAGES

BACKGROUND OF THE INVENTION

[0001] The invention relates to a method of tracking posi-
tion and velocity of objects’ borders in two or three dimen-
sional digital images, particularly in echographic images
comprising the following steps:

[0002] Acquiring a sequence of at least two consecutive
ultrasound image frames of a moving tissue or a moving
object which ultrasound image frames are timely separated
by a certain time interval.

[0003] Automatically or manually defining a certain num-
ber ofreference points of a border of a moving tissue or object
at least on one image frame of the sequence of image frames
acquired,

[0004] Automatically tracking the border of the moving
tissue or object in the at least one further following frame by
determining the new position of the reference points of the
border in at least one following image frame of the sequence
of image frames by estimating the position of the said refer-
ence points in the said at least following image frame of the
sequence of image frames on the basis of the ultrasound
image data of the acquired sequence of image frames.

[0005] The automatic detection of borders and their rate of
displacement is a fundamental topic in image analysis. The
ability to automatically detect borders and their velocity,
allows an easy recognition of objects, the improved under-
standing of its function. In medical imaging the automatic
recognition of an organ would eventually facilitate the extrac-
tion of objective measurements and automate some diagnos-
tic processes.

[0006] A typical example is given by echocardiography in
the imaging of the left ventricle. The possibility of an auto-
matic detection of the endocardial border would give objec-
tive measurement of the ventricular volume, in particular its
extreme values (at proto-systole and tele-diastole) are com-
monly used for clinical diagnosis and the relative diagnostic
indexed are calculated. In addition, the possibility to visualize
the border velocities allows an easier assessment of the
regional dynamical properties.

[0007] In general, and certainly in echographic imaging,
the development of reliable methods for the automatic border
detection is an extremely difficult task that has not received a
generally reliable solution. In fact, in clinical practice, bor-
ders are drawn manually by the operator over the physiologi-
cally relevant frames of a sequence of images.

[0008] A strain rate analysis method in ultrasonic diagnos-
tic imaging is disclosed in WO 02/45587. According to this
document strain rate analysis is performed for ultrasonic
images in which the spatial gradient of velocity is calculated
in the direction of tissue motion. Strain rate is calculated for
cardiac ultrasound images in the direction of motion which,
for myocardial images, may be either in the plane of the
myocardium or across the myocardium. Strain rate informa-
tionis calculated for a sequence of images of a heart cycle and
displayed for an automatically drawn border such as the
endocardial border over the full heart cycle. The spatial gra-
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dient of velocity used for determining the strain and the
displacements of the borders form one frame to a successive
one in a sequence of frames uses so called Doppler Tissue
Imaging, so called DTIL. This technique allows to measure
tissue velocity over all points in the ventricular wall. The
measurement of velocity itself provides a direct information
about the wall motion and helps to uncover abnormalities not
immediately observable from the visualization in B-mode.
The velocity contains information about either rigid body
displacement, shear, and contraction/distension, the latter
being immediately related to the myocardial activity. Post
processing of the DTI velocity data allows the evaluation of
additional quantities, namely strain-rate and strain, that are
strictly related to the regional function. Segmental strain
gives a direct evaluation of the degree of contractility of the
myocardium during systole, as well as of its relaxation during
ventricular filling.

[0009] Nevertheless DTI suffers from a few drawbacks
consisting in limitations of the technique. The evaluation of
velocity, and to a greater degree when rate and strain are
evaluated, requires a higher frame rate with respect to
B-mode imaging because velocity is a more rapidly varying
function than B-mode displacement. A Doppler signal
requires additional processing with respect to the simple
echo.

[0010] Doppler tissue imaging suffers further of an intrin-
sic limitation due to the fact that only the component of
velocity along a scanline can be measured. This limitation has
several drawbacks. When tissue moves in a direction that is
not aligned with the scanline, the Doppler velacity does not
reflect the effective tissue kinematics. Only the component of
strain and strain rate along the scanline can be evaluated
correctly, giving a reduced view of the local deformation
state. This limits the application of DTT to the anatomic sites
that can be imagined aligned along a scanline. In echocardio-
graphy this corresponds essentially to the interventricular
septum and to the lateral walls in apical view.

[0011] An object of the present invention is to provide fora
method of tracking position and velocity of objects’ borders
in two or three dimensional digital images, particularly in
echographic images which overcomes the drawbacks of the
known tracking methods in reducing the load actually needed
for acquiring the usable ultrasound image data and for evalu-
ating, i.e. elaborating the said ultrasound imaging data in
order to track the displacement of a border of a moving tissue
or a moving object in a sequence of consecutive ultrasound
image frames.

[0012] Another object of the present invention is to provide
for a method which can lead to more reliable results in track-
ing the borders of a moving tissue or object on a sequence of
consecutive ultrasound image frames.

DISCLOSURE OF THE INVENTION

[0013] Thepresentinvention achieves the above mentioned
aims with a method of tracking position and velocity of
objects’ borders in two or three dimensional digital images,
particularly in echographic images comprising the following
steps:

[0014] Acquiring a sequence of at least two consecutive
ultrasound image frames of a moving tissue or a moving
object which ultrasound image frames are timely separated
by a certain time interval.
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[0015] Automatically or manually defining a certain num-
ber ofreference points of a border of a moving tissue or object
atleast on a firstimage frame of the sequence of image frames
acquired,

[0016] Automatically tracking the border of the moving
tissue or object in the at least one further following frame by
determining the new position of the reference points of the
border in at least one following image frame of the sequence
of image frames by estimating the position of the said refer-
ence points in the said at least following image frame of the
sequence of image frames on the basis of the ultrasound
image data of the acquired sequence of image frames.

[0017]

[0018] the sequence of image frames acquired is a sequence
of consecutive B-mode, grey scale ultrasound images;

[0019] On a first frame a border line is drawn either manu-
ally or by means of an automatic border detection algorithm
the border being defined by a trace of pixels of the image
frame coinciding with the said border line;

[0020] The original trace of pixels coinciding with the
manually or automatically drawn border line is followed in
time, i.e. in the at least one following image frame by search-
ing the maximum likelihood of the trace of pixels in the
following image frame with the trace of pixels in the first or
timely previous image frame of the sequence of image frames
by analyzing the image pixels in the neighborhood of the said
trace of pixels. According to one preferred embodiment of the
present invention the tracking of the border line is carried out
by defining a certain number of reference points on the manu-
ally or automatically drawn border line on the first image
frame and by using the method of the so called transmural
cuts. The said method of transmural cuts is disclosed in
greater detail in the document PCT/IT02/00114 filed on 27,
Feb. 2002.

And which method is further characterized in that

[0021] More precisely transmural cuts consist in defining a
line which crosses the border line drawn and passing through
one reference point. A physiologically appropriate direction
can be chosen, which typically can be the orthogonal direc-
tion to the border line at the reference point.

[0022] This operation is made for each image frame of the
sequence of frames and for each reference point chosen. The
pixels taken along each transmural line in each of the image
frames of the sequence of image frames are placed in col-
umns, each column corresponding to one frame of the
sequence of images. In this way the evolution along a trans-
mural cut, can be represented for all instants at once in a
two-dimensional space time representation.

[0023] The above disclosed procedure is a reduction of a
two dimensional problem applied to a two dimensional image
such as a B-mode ultrasound image to a one dimensional
problem as a M-mode image.

[0024] The tracking of the border. i.e. of the trace of pixels
is carried out along the space-time image using a cross-cor-
relation procedure of the pixel column in the space-time
image corresponding to a first image frame with the pixel
column in the space-time image corresponding to a succes-
sive image frame of the sequence of image frames.

[0025] This technique can be applied to any kind of images
in which the geometry of the border line drawn does not
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require any kind of special reference points to be tracked a
priori such as pro example closed border lines as the border
line of the cavity of a blood vessel in a cross-section image of
the vessel.

[0026] When the object imaged has particular starting and
ending points of a border which has a relevance as particular
reference points in the motion executed by the border-line of
the object, for example in the case of the walls ofthe endoven-
tricular cavity, then a preventive cycle must be carried out for
optimally tracking the border-line of the object along the
sequence of image frames.

[0027] According to a further improvement of the above
mentioned method when the object has few very representa-
tive points the general topology of the border line of the object
imaged can be represented by tracking the motion of these
few representative points prior to carry out the tracking of at
least one or some of the reference points lying on the manu-
ally or automatically drawn border-line in each frame of the
sequence of image frames.

[0028] These representative points can be for example the
starting and ending points of the border line when this is an
open one.

[0029] The representative reference points of the border of
an imaged object can be also suggested by the physiology
when the imaged object is a particular tissue or organ, such as
for example the left ventricle.

[0030] Thus prior to carry out the tracking of some or all of
the reference points chosen on the manually or automatically
drawn border-line of the imaged object along the sequence of
image frames the tracking of this few representative reference
points is carried out.

[0031] The tracking of this few representative reference
points is carried out in a identical way as the one disclosed
above for the other reference points on the border-line drawn
manually or automatically on the first frame by using the
method of transmural cuts for constructing space-time
images of each of the few representative reference points and
determining the displacement of these points in each of the
frames of the sequence of image frames by means of cross-
correlation between each of the pixel columns with the suc-
cessive pixel column corresponding to the pixels along the
transmural cut across the same representative point in the
different image frames of the sequence of image frames.

[0032] The direction of the transmural cuts can be chosen
as the orthogonal direction

[0033] According to a further feature after having deter-
mined the displacement of the few representative reference
points on the border-line of the imaged object in some or in all
of the frames of the sequence of image frames, the position
and the displacement of the other reference points on the
border-lines at each image frame of the sequence of image
frames are obtained by resealing the originally drawn border-
line in the first image frame in such a way to obtain in each
image frame corresponding to a successive instant a topologi-
cally equivalent border line geometry with respect to the
original border line. Typically this results in a translation of
all points along the original border line.

[0034] This preliminary resealing allows to keep the repre-
sentative reference points always in the proper position in all
frames of the sequence of image frames by rearranging the
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other reference points so that the representative reference
points maintains the same meaning relatively to the object in
all frames of the sequence of image frames.

[0035] Thus in a preferred embodiment the complete
method according to the invention comprises the following
steps:

a) Acquiring a sequence of at least two consecutive ultra-
sound image frames of a moving tissue or a moving object
which ultrasound image frames are timely separated by a
certain time interval;

b) Tracing a border line over one single first frame either
manually or with the help of an automatic border drawing
algorithm;

¢) Tracking the position displacements of one or more even-
tually present representative reference points over the entire
sequence of consecutive image frames;

d) Rescaling the border line drawn on the first image frame at
least for some or for each of the following image frames of the
sequence of image frames according to the corresponding
position tracked of the representative reference points;

e) Defining a certain number of further reference points dis-
tributed along the border line on the first image frame and
falling on the said border line;

f) Tracking the position of each point independently from the
others along the sequence of image frames;

g) Tracking of the position of the representative reference
points and of the other reference points being carried out by

h) for each point independently and in each of the image
frames of the sequence of image frames defining a transmural
cut line consisting in a line which crosses the border line
drawn and passing through the said reference point;

[0036] i) the pixels taken along each transmural cut line in
each of the image frames of the sequence of image frames are
placed in columns, each column corresponding to one frame
of the sequence of images for representing the evolution
along a transmural cut line, for all instants at once in a two-
dimensional space time representation;

[0037] j)thetracking ofthe border. i.e. of the trace of pixels
along each transmural cut line is carried out along the space-
time image using a cross-correlation procedure of the pixel
column in the space-time image corresponding to a first
image frame with the pixel column in the space-time image
corresponding to a successive image frame of the sequence of
image frames.

[0038] According to an improvement in both cases dis-
closed above when images are poor with a low signal-to-noise
ratio the space-time representation along the transmural cuts
canbe built using a line for the transmural cut with a thickness
larger than that of a single pixel and by extracting the average
value across such a thickness.

[0039] The above mentioned method can be further devel-
oped for carrying out a surface border tracking three dimen-
sional imaging.
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[0040] Themethod accordingto the said development com-
prises the following steps:

[0041] 1) Acquiring a sequence of three-dimensional ultra-
sound imaging data sets, each three-dimensional data set
being acquired with a predetermined time interval from the
previous one;

[0042] m) Defining at least a principal section plane of each
three dimensional data set along one chosen direction for
obtaining a sequence of two dimensional image frames along
the said section plane;

[0043] n)Drawing a border line of the object imaged either
manually or automatically on the first two dimensional image
frame ofthe sequence of two dimensional image frames taken
along the said section plane;

[0044] o) Carrying out the tracking steps ¢) to j) previously
disclosed for the two dimensional sequence of image frames;

[0045] p) For each three dimensional data set of the
sequence of three dimensional datasets defining a pre-estab-
lished number of further secondary section planes crossing
the at least one, preferably all the principal section planes, the
said secondary section planes being spaced apart one fromthe
other along a predetermined direction and dividing the object
represented by each three dimensional data set of the
sequence of three-dimensional data sets in slices.

[0046] q) Foreach secondary section plane in the sequence
of three dimensional data sets constructing the corresponding
sequence of image frames relative to the said secondary sec-
tion plane;

[0047] r) For each sequence of two dimensional image
frames determining a guess border line in one single frame,
by letting the border line passing across the intersection
points with the principal section planes;

[0048] s)Tracking the said guess border line by detecting a
new border by applying the method steps according to ¢) to j)
or ¢) to j) by substituting the time coordinate in the said
disclosed steps with the spatial coordinate along the said
guess border line by

[0049] t) defining a certain number of transmural cuts on
the single image of the sequence of images along the guess
border line;

[0050] u) identifying the pixels along the said transmural
cuts and placing the pixels along each transmural cuts side by
side for constructing a two dimensional image where the
horizontal axis indicates the spatial coordinate along the
guess border line;

[0051] v)carrying out the cross correlation between each of
the consecutive pixel columns in the said two dimensional
image and thus tracking the border line in one frame for each
of the sequences of two dimensional image frames corre-
sponding to each of the secondary section planes.

[0052] According to a further improvement one or more
further principal section planes can be defined along each of
which further section planes the methods steps 1) to o) are
carried out.

[0053] Inapreferred embodiment two orthogonal principal
section planes are chosen for carrying out the above men-
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tioned method steps, the crossing line of the two principal
section planes defining a preferred direction of the said
planes.

[0054] The said direction can be chosen as suggested by the
topological or functional feature of the object imaged.

[0055] Considering ultrasound images of a biological tis-
sue or of an organ such as for example the heart the said
direction can be suggested by physiological reasons. For
example this physiologically relevant direction can be chosen
as the cut across a central vertical plane such as the ventricle
axis.

[0056] Inorder to better define the share of secondary sec-
tion planes cutting the principal section planes, the method
according to the present invention comptrises the steps of
defining bounds or limits for a distance range within which
the share of the said secondary section planes is defined.

[0057] Preferably a topological or physiological relevant
direction is chosen, particularly the same direction defined for
determining the principal section planes, along which direc-
tion bounds are determined for the ends of a distance range
within which the share of secondary section planes at least
transversal, particularly perpendicular to the said relevant
direction is determined.

[0058] Stillaccording to a further embodiment, when deter-
mining the first guess border line, this one is determined as a
physiologically relevant line passing through the reliable
points.

[0059] According to the present border tracking method the
correct border is determined along a sequence of two dimen-
sional or three dimensional ultrasound image data and the
correct border for each image frame can be displayed overlaid
on the displayed image frame as an highlighted line charac-
terized by a color which is different from the grey-scale
B-mode image displayed.

[0060] By means of the above tracking method of the bor-
der of two dimensional images or three dimensional images
of an object it is also possible to determine the border line
velocity and thus the border velocity of the object imaged.

[0061] Once that the displacement of the border line is
known along the sequence of two dimensional or three
dimensional ultrasound image data sets and the time interval
between each two consecutive sets of image data are known
the component(s) of velocity in the direction of the transmural
cut(s) can be estimated for each reference point by means of
a simple calculation.

[0062] The complete velocity vector is determined by
evaluation of the other component(s) of velocity, the total
number of components being two for two-dimensional imag-
ing and being three for three-dimensional imaging.

[0063] Each missing component of velocity can be evalu-
ated once again with the method of transmural cuts.

[0064] aa)Foreach reference point, on each image frame of
the sequence of image frames, a transmural cut consisting in
a line which crosses the tracked point and directed along the
direction where the additional component of velocity must be
evaluated, typically orthogonal to the direction previous
employed for tracking the border.
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[0065] bb)the pixels taken along each transmural cut line in
each of the image frames of the sequence of image frames are
placed in columns for all instants at once in a two-dimen-
sional space time representation;

[0066] cc) the evaluation of the velocity component along
the chosen direction is carried out along the space-time image
using a cross-correlation procedure of the pixel column in the
space-time image. The velocity being given by the ratio ofthe
column-wise displacement of the correlation maximum and
the time interval between the corresponding frames.

[0067] The method is identical of that employed for track-
ing the border with the difference that only the frame-by-
frame displacement is required and the eventual time integra-
tion of said displacement to get the motion of the border is
ignored.

[0068] A different evaluation of the velocity vector can be
obtained by applying two dimensional-correlation tech-
niques or a specific optical flow technique particularly devel-
oped for ultrasound image data of moving objects.

[0069] The said velocity estimation method can be carried
out in combination with the above disclosed method for track-
ing the border of the imaged moving object.

[0070] The said method is an adaptation of known method
so called OPTICAL FLOW methods, like a known method so
called PIV method used in fluid dynamics.

[0071] Thus in displaying the B-mode images the border
tracked can be drawn as a line as disclosed above and the
velocity vectors of the border taken at certain number of
points of the said border line are displayed as arrows having a
different color as the border line and the direction of the
velocity vector and a length corresponding to the modulus of
the velocity vector in the image plane of the two dimensional
image displayed. By means of the method according to the
present invention a different approach for tracking borders of
a moving object in two and three dimensional ultrasound
imaging is provided where the borders are not “detected”,
rather they are “tracked”, i.e. followed in time, starting from
one reliable existing instantaneous trace that is commonly—
but not necessarily—manually drawn by the experienced
operator over one single frame. Using this approach all the
ambiguousness that are present in a pure detection approach
are cleared, the original trace is followed in time by searching
the maximum likelihood over its neighborhood in the follow-
ing frames. The tracking technique for each single point is
approached using a method based on transmural cuts that is
similar to that introduced in the document PCT/IT02/00114
filed on 27, Feb. 2002. Afterward the velocity on the tracked
borders are estimated on the basis of the same maximum
likelihood between two consecutive frames.

[0072] The automatic tracking method disclosed here
allows the tracking of a border on a sequence of two-dimen-
sional or three-dimensional images, and the evaluation of the
velocity vector field on such borders. In principle, the border
could be tracked on the basis of the velocity vector only,
however a tracking procedure is a result of the summation
(time integration) of the estimated velocities and is prone to
an error growth in presence of small incorrect estimates. This
approach reduces the two- or three-dimensional tracking to a
combination of one-dimensional tracking problems along the
single topological relevant direction (typically the orthogonal
to the border), that can be much better controlled and made
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accurate. On the opposite, the accurate tracking result is
employed to improve the estimates of the velocity vector.

[0073] The result of this procedure is the automatic defini-
tion of the borders displacement and velocity over all frames
of a sequence of images, starting from the border traced on a
single image.

[0074] Eventually, the found borders information will be
used to evaluated some geometric properties, like volume,
area, or sizes, of the organ. The border kinematics (tracking+
velocity) allows to estimate global quantities (like volumes,
lengths) as well as local phenomena (like rotations, strain) in
a unique approach.

BRIEF DESCRIPTION OF THE DRAWINGS

[0075] FIG. 1 illustrates an echographic image of the left
ventricle, in long axis view (from the apex to the mitral plane),
extracted from an echocardiographic recording (58 frames, 2
cycles) with an endocardial border (white) and the instant
border velocity (white arrows).

[0076] FIG. 2 illustrates an echographic image of the left
ventricle, in short axis view (transversal section), extracted
from an echocardiographic recording (49 frames, 2 cycles)
with a “closed” endocardial border (white) and the instant
border velocity (white arrows).

[0077] FIG. 3 illustrates an echographic image of the left
ventricle, in long axis view. The traced endocardial border
implicitly defines the starting and final points and the mitral
plane. The position of the transmural cuts, passing from the
edge points and normal to the transmittal plane, are indicated.

[0078] FIG.4llustrates a space-time representation, where
space is along a transmural cut, of the echographic images
sequence. The transmural cut is taken as for the starting point
in FIG. 3. The time evolution of the starting point, tracked
automatically, is reported.

[0079] FIG. 5 illustrates an echographic image of the left
ventricle, in long axis view, during diastole (left) and systole
(right). The original endocardial border just rescaled on the
based of the mitral plane displacement is shown. The instan-
taneous transmural cuts on each of the originally points are
also drawn.

[0080] FIG. 6 illustrates a schematic view of an example of
cutting a three-dimensional dataset with two orthogonal
planes, having one common direction, to get two two-dimen-
sional images

[0081] FIG. 7illustrates a schematic view of an example of
cutting a three-dimensional dataset with transversal planes
that are orthogonal to the principal planes like those
employed in FIG. 6.

[0082] FIG. 8 illustrates slices on a three-dimensional
echographic dataset of the left heart. The left ventricle border
is known on the vertical image. The border at the intersection
with the horizontal slices represent the starting points for
tracking the border on the horizontal images.

[0083] FIG. 9 illustrates an horizontal slice on a three-
dimensional echographic dataset of the left heart. The starting
points and a circular first guess border are indicated.

DETAILED DESCRIPTION OF THE DRAWINGS
AND OF THE METHOD
Two-Dimensional Imaging

[0084] Themethod steps according to the present invention
are firstly describe with reference to a two dimensional case.
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A sequence of two dimensional B-mode image frames is
acquired. The frames are acquired at predetermined time
interval one form the other.

[0085] Consider a sequence of two-dimensional (2D)
images; mathematically, this is a three-dimensional (3D)
information that is 2D in space and 1D in time. Consider that
the images contain one organ/object or part of it, that changes
its position and shape in time, of which organ we want to trace
the border kinematics at all instants.

[0086] The method according to the present invention com-
prises a first step which consist in tracing the border over one
single frame by defining a border line.

[0087] A border is traced, manually or by another manual
or automatic procedure, over one arbitrary frame. Such bor-
der is then defined as a sequence of N points, defined by their
coordinate pairs (xi,yi) withi=1 .. . N in the two dimensional
image plane.

[0088] The result ofthis step is illustrated in FIGS. 1 and 2.
FIG. 1 illustrates an image of the left ventricle where the
endocardial border points are traced from one side of the
mitral annulus to the other side of the same mitral annulus.
FIG. 2 illustrates an example in which the border is a closed
one where the Nth point connects to the first one.

[0089] Referring now to a particular case like the one illus-
trated in FIG. 1, where the border has a staring and an ending
point, the method according to the invention provides for a
second step of tracking the most representative reference
point of the border line drawn in the first image frame.

[0090] According to this step, the general topology of the
object border is reproduced on all the images by tracking the
motion of a few representative points. These are commonly
the starting and final points of the border when this is an open
one. In specific cases additional reference points can be added
to improve the first evaluation of the region about which the
border must be sought.

[0091] The displacement of the representative reference
points along one or more specific directions is evaluated. FIG.
3 shows the reference points for a left ventricle (in long axis
view) that are the starting and final points of the originally
traced border. In this case, the physiology suggests to track
the motion of these points in the direction instantaneously
orthogonal to the mitral plane (that is defined by these points).

[0092] The tracking along a specified direction is per-
formed by using the method of transmural cuts as follow. A
line crossing the wall, passing through the point, and directed
along the physiologically appropriate direction is drawn; in
the case shown in FIG. 3 the appropriate direction is orthogo-
nal to the mitral plane. In general two orthogonal direction
can be employed. The pixels taken along the chosen direction
line(s) are placed in columns, each column corresponding to
one frame of the sequence ofimages. In this way the evolution
along a line can be represented for all instants at once in a two
dimensional space-time representation (sometime referred as
M-mode representation) where one axis is the distance along
the line and the other axis is the time. An example of such a
representation is shown in FIG. 4.

[0093] Inthe case of poor images with a low signal to noise
ratio the space time representation can be built using a line for
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the transmural cut with a thickness larger than that of a single
pixel and extracting the average value across such a thickness.

[0094] The border tracking is then performed along the
space-time image.

Tracking Along the 2D Space-Time Image

[0095] The tracking procedure is a procedure for following
aborder along one direction in a two-dimensional image like
that in FIG. 4 starting from a known position at one instant.

[0096] Let us call x the horizontal direction and y the ver-
tical direction, and indicate with xi,1i=1 . .. N, where N is the
number of columns in the image. The tracking is given by
determination of a discrete sequence of real numbers yi=y
(xi), starting from a known point yk corresponding to the
columns xk.

[0097] This is a one dimensional tracking problem that can
be solved with several possible standard methods. One
method is reported here for giving completeness to the whole
invention that can, however, employ also different techniques
for this specific task when suggested by the specific imaging
employed.

[0098] The displacement from the known point yk to the
point yk+1 can be estimated by evaluating the cross-correla-
tion between the entire column at xk with the entire column at
xk+1. The cross-correlation function will present a maxi-
mum, the position of the maximum gives the value of the
vertical displacement required to maximize the similarity
between the two columns, therefore yk+1 is estimated by
adding such a displacement to yk. This procedure is repeated
between all pairs of nearby columns and the result is an
estimate of the entire border yi, i=1...N.

[0099] Inthisprocedureitis convenient to employ window-
ing techniques that avoid side effects given by the two ends of
the finite size columns. When applicable, it is also convenient
to make use of the periodicity of the signal along x in order to
perform the method in Fourier space.

[0100] The first estimate is improved by applying the same
procedure recursively on increasingly reduced spatial width
about the previously found border. This first estimate yi can
be further improved. To this aim a subset of the image is
extracted by taking a few points above and below the first
estimate yi, and a new image whose center corresponds to the
sequence yi is generated. A snake procedure like the one
described in Blake A., Yuille A. Active Vision MIT press,
1992., is employed to follow, in the new image, the image
brightness level that passes through the fixed point yk. As a
result the estimation of yi, i=1 . . . N is refined.

[0101] As it will become clear in the following description
the tracking technique is a unique procedure that is common
to different steps of the method according to the present
invention.

[0102] As applied to the above mentioned step of the
method according to the present invention, the result of this
preliminary tracking procedure is the position and displace-
ment, at all instants, of the most representative reference
points along the predefined direction, or the vector combina-
tion when two directions are employed.

[0103] After this, all the other points of the original border
are rescaled at each instant in order to get, at each instant a
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topologically equivalent border geometry. Typically, like in
the example of FIG. 2, all the points are translated along the
original curve.

[0104] This preliminary resealing procedure permits to
keep the reference points always at the proper position in all
the frames, and to rearrange the other points so that the
reference maintains the same meaning in all the frames.

[0105] The present step of tracking the most representative
reference points such as the starting and ending point of a
border line can be avoided when the specific geometry does
not require or have any representative reference point to be
tracked a priori. One example where this step can be avoided
is given by the closed geometry in FIG. 2.

[0106] After having carried out the tracking of the most
representative reference points if these points are present or in
place of the said tracking step the method according to the
invention provides for a further step consisting in the tracking
of all the other reference point on the border line drawn
manually or automatically in the first step on a first two
dimensional image frame of the sequence of image frames.

[0107] For each point, independently, the tracking along a
specified direction is performed by using the method of trans-
mural cuts as follow. A line crossing the wall, passing through
the point, and directed along the physiologically appropriate
direction is drawn, this operation is made for each instant/
frame of the sequence of image frames because the points are
not fixed in time but they have been previously rescaled at
each instant accordingly with the instantaneous displacement
of the reference points. In most cases, like in the case shown
in FIG. 5, the appropriate direction is taken at each instant as
orthogonal to the rescaled border. The pixels taken along each
transmural line are placed in columns, each column corre-
sponding to one frame of the sequence of images. In this way
the evolution along a transmural cut, that is not fixed in all
frames time but is slightly modified accordingly to the reseal-
ing, can be represented for all instants at once in a two-
dimensional space time representation analogous to that
shown in FIG. 4.

[0108] Inthe caseofpoorimages with a low signal-to-noise
ratio the space time representation can be built using a line for
the transmural cut with a thickness larger than that of a single
pixel and extracting the average value across such a thickness.

[0109] The border tracking is then performed along the
space-time image using the same technique employed in the
step of tracking the representative reference points and dis-
closed above in a detailed manner.

[0110] The result of this step is the position, at all instants,
of all the points along the predefined direction, or the vector
combination when two directions are employed. At this stage
all the original points have been tracked in time, each one
independently, and we have a new border tracked over all
frames.

[0111] Ttcanbeuseful, especially in poor quality images, to
improve the estimate by including a spatial coherence in the
tracked border. This can be done by verifying the likelihood
of the tracking between neighboring points and correcting the
eventual discrepancies with appropriate filters or validation
methods.

[0112] As an additional procedure the method according to
the present invention can be provided in combination with a
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procedure for determining the instant border line velocity
vector for each one of the reference pints defined on the
border line as tracked on each two dimensional frame.

[0113] For each point, independently, the velocity vector
can be known when two direction (three for three-dimen-
sional imaging) are employed for displacing it. When a single
direction is employed, the complete velocity vector can be
evaluated by selecting additional direction for the transmural
cuts on the already displaced point and evaluating the velocity
along the additional direction.

[0114] Inthe caseof poorimages witha low signal-to-noise
ratio the space time representation can be built using a line for
the transmural cut with a thickness larger than that of a single
pixel and extracting the average value across such a thickness.

[0115] Alternatively, the complete velocity vector can be
evaluated by a two-dimensional correlation technique or a
specific optical flow technique adapted to the particular case
of ultrasound imaging B-mode data. The two-dimensional
result can then be improved by imposing its accordance with
the previous estimate obtained for one component from the
transmural cut approach. Results of the entire procedure are
shown, for one frame, in FIGS. 1 and 2.

Three-Dimensional Imaging

[0116] The same steps described for the analysis of two-
dimensional imaging can be employed for the border tracking
in three-dimensional imaging. Such an extension is straight-
forward by using the previous steps in an appropriate combi-
nation, and substituting, in one case, the time direction with
one spatial direction. Eventually no additional manual inter-
vention is necessary with respect to what is done in two-
dimensions, i.e. the indication of the border in one 2D frame.

[0117] A sequence of three-dimensional (3D) datasets is
mathematically a four-dimensional (4D) information that is
3D in space and 1D in time. Consider that the images contain
one organ/object or part of it, that changes its position and
shape in time, of which organ it is desired to trace the border
at all instants, the border now being a sequence of two-
dimensional surfaces.

[0118] As a first step the method according to the present
invention provides to choose one principal section plane
which cuts to the three-dimensional dataset, and to apply the
entire two-dimensional technique disclosed above on such
plane.

[0119] The principal section plane of the 3D dataset is one
plane, preferably along a physiologically relevant direction.
Cutting the 3D datasets of the sequence of 3D datasets with
this plane furnishes one sequence of 2D images.

[0120] FIG. 6 illustrates the cutting of a three-dimensional
data set of ultrasound image data of the object 0 with two
orthogonal principal section planes 1 and 2 oriented in the
vertical direction.

[0121] For each principal section plane the entire tracking
procedure as disclosed above for the sequence of two dimen-
sional images is applied to this two-dimensional sequence of
images taken on the principal section planes in order to track
the border and evaluate the velocity on such principal section
plane. This border is the signature of the sought border kine-
matics on the plane.
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[0122] Theabove steps can be repeated with more than one
or two principal section planes to improve the reliability of
following steps in poor quality images.

[0123] After having carried out the above mentioned step a
further step is carried out consisting in defining secondary
section planes to the three-dimensional dataset, and applying
the two-dimensional technique on single frames substituting
the time direction with one spatial direction.

[0124] The previous step allows to define the bounds of the
surface border. For this, one direction is chosen over the plane
cut used in the previous step, preferably a physiologically
relevant one (like the ventricle axis), and, for each instant,
evaluate the upper and lower bounds along such direction of
the border found in the previous step.

[0125] The range between these limits, at each instant, is
further divided in M internal points, and the 3D dataset is cut
in correspondence of such M points, with M secondary sec-
tion planes that are orthogonal to the chosen direction as
indicated with 3, 4, 5 in FIG. 7. By means of the said second-
ary section planes the corresponding M sequences of 2D
images are constructed.

[0126] Successively, for each sequence, a reliable border in
one single frame is defined, commonly the same frame used
when the borders are drawn manually during the previous
step relative to the principal section planes.

[0127] In each of such single M frames, the border now
contains one or more reliable points, at the intersection with
the principal section plane or planes 1, 2 and that come from
the border(s) determined in the previous step relative to the
principal section planes as illustrated in FIG. 8 and indicated
by R1, R2, R3, R4. A first guess border is constructed as a
physiological relevant one passing through these reliable
points R1,R2, R3, R4. An example of the said guess border on
asecondary section plane is illustrated in the example of FIG.
9. Here the two dimensional image on a secondary section
plane is illustrated together with the two reliable points R1
and R2. The guess border passing through the said two reli-
able points R1 and R2 is given by given by a circle in the
transversal images of the left ventricle.

[0128] A new border is now detected by the same procedure
used for a single transmural cut as disclosed in the previous
chapter for the two dimensional case, this time however,
substituting the time coordinate with the spatial coordinate
along such first guess border as follows. Make a number of
transmural cuts on the single image along the guess border,
place the pixel found along each cut side by side in a new
two-dimensional image and obtain a new image, like that in
FIG. 4, where the horizontal axis does not indicate the time
coordinate but the spatial coordinate along the tentative bor-
der. As a result the correct border is tracked in one frame for
each of the M sequences.

[0129] The above mentioned procedure is applied on all the
sequences obtained from the appropriate cutting of the three-
dimensional dataset according to each secondary section
plane defined. The tracking technique disclosed above in the
previous chapter of the two dimensional ultrasound imaging
is applied to each of the M sequences taking as a starting,
reliable, border that found on one frame in the step relating to
the secondary section planes. The resulting M borders will
define the complete surface border.
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[0130] Similarly to the two dimensional case discussed
above also in the three-dimensional imaging case the instan-
taneous velocity vector for a certain number of predefined
points on the border surface can be calculated by using the
same technique disclosed of the two dimensional case. The
two dimensional technique disclosed above is used here by
substituting the two dimensional estimate with a three-di-
mensional estimate of velocity.

[0131] Whenthetracking procedure is insufficient to define
the entire velocity vector, this is done by selecting additional
direction for the transmural cuts on the already displaced
point and evaluating the velocity along the additional direc-
tion.

[0132] Alternatively, this is done by using a three-dimen-
sional correlation or optical flow technique, in place of the
two-dimensional one for evaluating the three-dimensional
velocity vector.

1. A method of tracking position and velocity of objects’
borders in two or three dimensional digital images, particu-
larly in echographic images comprising the following steps:

Acquiring a sequence of at least two consecutive ultra-
sound image frames of a moving tissue or a moving
object which ultrasound image frames are timely sepa-
rated by a certain time interval.

Automatically or manually defining a certain number of
reference points of a border of a moving tissue or object
at least on a first image frame of the sequence of image
frames acquired,;

Automatically tracking the border of the moving tissue or
object in the at least one further following frame by
determining the new position of the reference points of
the border in at least one following image frame of the
sequence of image frames by estimating the position of
the said reference points in the said at least following
image frame of the sequence of image frames on the
basis of the ultrasound image data of the acquired
sequence of image frames.

And which method is further characterized in that

the sequence of image frames acquired is a sequence of
consecutive B-mode, grey scale ultrasound images;

Ona first frame a border line is drawn either manually or by
means of an automatic border detection algorithm the
border being defined by a trace of pixels of the image
frame coinciding with the said border line;

The original trace of pixels coinciding with the manually or
automatically drawn border line is followed in time, 1..
in the at least one following image frame by searching
the maximum likelihood of the trace of pixels in the
following image frame with the trace of pixels in the first
or timely previous image frame ofthe sequence of image
frames by analyzing the image pixels in the neighbor-
hood of the said trace of pixels.

2. A method according to claim 1, characterised in that the
tracking of the border line is carried out by defining a certain
number of reference points on the manually or automatically
drawn border line on the first image frame and by using the
method of the so called transmural cuts.
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3. A method according to claim 1 or 2, characterised in that
the tracking of the border line is carried out by transmural
cuts;

the said transmural cuts consist in defining for each refer-
ence point a line which crosses the border line drawn on
a first image frame and each of which lines passing
through one reference point; each transmural cut line
having a definite direction, which typically can be the
orthogonal direction to the border line at the reference
point;

carrying out the above mentioned step of defining trans-
mural cuts for each image frame of the sequence of
frames and for each reference point chosen;

the pixels taken along each transmural line in each of the
image frames of the sequence of image frames being
than placed in columns, each column corresponding to
one frame of the sequence of images, forming a two-
dimensional space-time representation of the evolution
of the position of each reference point along the corre-
sponding transmural cut;

the tracking of the border line i.e. of the trace of pixels, is
carried out for each reference point defined on the said
border line along the corresponding two-dimensional
space-time image using a cross-correlation procedure of
the pixel column in the space-time image corresponding
to a first image frame with the pixel column in the
space-time image corresponding to a successive image
frame of the sequence of image frames.

4. A method according to claim 3, characterised in that it is
applied to closed border lines.

5. A method according to one or more of the preceding
claims in combination with objects imaged having at least one
or more representative reference points in particular a starting
and an ending point of a border which having a relevance as
particular reference points in the motion executed by the
border-line of the object,

characterised in that prior of carrying out the tracking of all
the reference points defined on the border line drawn on
a firstimage frame of the sequence of at least two image
frames a preventive tracking cycle of only the represen-
tative reference points is carried out according to the
method of one or more of claims 1 to 3.

6. A method according to claim 5, characterised in that the
tracking of the representative reference points is carried out
by using the method of transmural cuts for constructing
space-time images of each of the representative reference
points and determining the displacement of these points in
each of the frames of the sequence of image frames by means
of cross-correlation between each of the pixel columns with
the successive pixel column corresponding to the pixels along
the transmural cut across the same representative reference
point in the different image frames of the sequence of image
frames.

7. A method according to claim 5 or 6, characterised in that
after having determined the displacement of the representa-
tivereference points on the border-line ofthe imaged object in
some or in all of the frames of the sequence of image frames,
the position and the displacement of the other reference
points on the border-lines at each image frame of the
sequence of image frames are obtained by resealing the origi-
nally, manually or automatically drawn border-line in the first
image frame in such a way to obtain in each image frame
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corresponding to a successive instant a topologically equiva-
lent border line geometry with respect to the original border
line and to keep the representative reference points always in
the proper position in all frames of the sequence of image
frames by rearranging the other reference points so that the
representative reference points maintains the same meaning
relatively to the object in all frames of the sequence of image
frames.

8. A method according to one or more of the preceding
claims characterised by the following steps:

a) Acquiring a sequence of at least two consecutive ultra-
sound image frames of a moving tissue or a moving
object which ultrasound image frames are timely sepa-
rated by a certain time interval,

b) Tracing a border line over one single first frame either
manually or with the help of an automatic border draw-
ing algorithm;

¢) Tracking the position displacements of one or more
eventually present representative reference points over
the entire sequence of consecutive image frames;

d) Rescaling the border line drawn on the first image frame
at least for some or for each of the following image
frames of the sequence of image frames according to the
corresponding position tracked of the representative ref-
erence points;

e) Defining a certain number of further reference points
distributed along the border line on the first image frame
and falling on the said border line;

) Tracking the position of each point independently from
the others along the sequence of image frames;

) Tracking of the position of the representative reference
points and of the other reference points being carried out

by

h) for each point independently and in each of the image
frames of the sequence of image frames defining a trans-
mural cut line consisting in a line which crosses the
border line drawn and passing through the said reference
point;

1) the pixels taken along each transmural cut line in each of
the image frames of the sequence of image frames are
placed in columns, each column corresponding to one
frame of the sequence of images for representing the
evolution along a transmural cut line, for all instants at
once in a two-dimensional space time representation;

]) the tracking of the border. i.e. of the trace of pixels along
each transmural cut line is carried out along the space-
time image using a cross-correlation procedure of the
pixel column in the space-time image corresponding to
a first image frame with the pixel column in the space-
time image corresponding to a successive image frame
of the sequence of image frames.

9. A method according to one or more of the preceding
claims characterised in that in combination of images of poor
quality, i.e. with a low signal-to noise-ratio, the space-time
representation along the transmural cuts is built using a line
for the transmural cut with a thickness larger than that of a
single pixel and by extracting the average value across such a
thickness.
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10. A method according to one or more of the preceding
claims characterised in that it is applied for carrying out a
surface border tracking in three-dimensional imaging and
comprising the following steps:

1) Acquiring a sequence of three-dimensional ultrasound
imaging data sets, each three-dimensional data set being
acquired with a predetermined time interval from the
previous one;

m) Defining at least a principal section plane of each three
dimensional data set along one chosen direction for
obtaining a sequence of two dimensional image frames
along the said section plane;

n) Drawing a border line of the object imaged either manu-
ally or automatically on the first two dimensional image
frame of the sequence of two dimensional image frames
taken along the said principal section plane or each of the
said principal section planes;

0) Carrying out the tracking steps ¢) to j) previously dis-
closed for the each sequence of two-dimensional image
frames for each corresponding principal section plane;

p) For each three-dimensional data set of the sequence of
three-dimensional datasets defining a pre-established
number of further secondary section planes crossing the
at least one, preferably all the principal section planes,
the said secondary section-planes being spaced apart
one from the other along a predetermined direction and
dividing the object represented by each three-dimen-
sional data set of the sequence of three-dimensional data
sets in slices.

q) For each secondary section plane in the sequence of
three dimensional data sets constructing the correspond-
ing sequence of two-dimensional image frames relative
to the said secondary section plane;

r) For each sequence of two-dimensional image frames
relatively to each secondary section plane determining a
guess border line in one single frame, by letting the
guess border line passing across the intersection points
of the corresponding secondary section plane with the
border line drawn on the principal section plane or of the
principal section planes;

s) Tracking the said guess border line by detecting a new
border by applying the method steps according to ¢) to j)
or €) to j) by substituting the time coordinate in the said
disclosed steps with the spatial coordinate along the said
guess border line by

t) defining a certain number of transmural cuts on the single
image frame of the sequence of images frames corre-
sponding to each secondary section plane along the
guess border line;

u) identifying the pixels along the said transmural cuts and
placing the pixels along each transmural cuts side by
side for constructing a two-dimensional image where
the horizontal axis indicates the spatial coordinate along
the guess border line;

v) carrying out the cross correlation between each of the
consecutive pixel columns in the said two dimensional
image and thus tracking the border line in one frame for
each of the sequences of two-dimensional image frames
corresponding to each of the secondary section planes.
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11. A method according to claim 10, characterised in that
one or more further principal section planes can be defined
along each of which further section planes the methods steps
1) to o) are carried out.

12. A method according to claims 10 or 11, characterised in
that two orthogonal principal section planes are chosen for
carrying out the above mentioned method steps, the crossing
line of the two principal section planes defining a preferred
direction of the said planes.

13. A method according to one or more of the preceding
claims 10 to 12, characterised in that in order to better define
the group of secondary section planes cutting the principal
section planes, the following steps are provided: defining
bounds or limits for a distance range within which the group
of the said secondary section planes has to be defined.

14. A method according to claim 13, characterised in that a
direction along which the secondary section planes are dis-
tributed is chosen, which is the same direction defined for
determining the principal section planes, along which direc-
tion bounds are determined for the ends of a distance range
within which the group of secondary section planes are
defined and which secondary section planes are at least trans-
versal, particularly perpendicular to the said direction.

15. A method according to one or more of the preceding
claims the correct border line tracked is displayed overlaid on
the corresponding displayed image frame as an highlighted
line characterized by a colour which is different from the
grey-scale B-mode image displayed.

16. A method according to one or more of the preceding
claims characterised in that it comprises steps for determining
the border line instant velocity on each image frame of the
sequence of image frames.

17. A method according to claim 16, characterised in that a
first estimation of the instant velocity is determined for each
reference point on the border line by dividing the displace-
ment vector of each of the reference point from a first to a
following image frames of the sequence of image frames by
the time interval occurred between the said first and said
following image frames.

18. A method according to claim 17, characterised in that
the instant velocity of the border line on each of the image
frames of the sequence of image frames is determined for
each of the reference points on the border-line by applying the
method of the so called transmural cuts along the additional
direction required to evaluate the complete velocity vector.
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19. A method according to claim 18, characterized in that
the complete velocity vector is determined by evaluation of
the component(s) of velocity along each direction, the total
number of components being two for two-dimensional imag-
ing and being three for three-dimensional imaging;

Each component of velocity vector being evaluated with
the method of transmural cuts providing the following
steps:

aa) For each reference point, on each image frame of the
sequence of image frames, a transmural cut consisting in
aline which crosses the tracked point and directed along
the direction where the additional component of velocity
is evaluated, typically orthogonal to the direction for the
other components of the velocity vector.

bb) the pixels taken along each transmural cut line in each
of the image frames of the sequence of image frames are
placed in columns for all instants at once in a two-
dimensional space time representation,

cc) the evaluation of the velocity component along the
chosen direction is carried out along the space-time
image using a cross-correlation procedure of the pixel
column in the space-time image, the said velocity being
given by the ratio of the column-wise displacement of
the correlation maximum and the time interval between
the corresponding frames.

20. The method according to claim 19, characterized in that
it is identical of that employed for tracking the border except
that only the frame-by-frame displacement is required and the
eventual time integration of said displacement to get the
motion of the border is ignored.

21. A method according to one or more of the previous
claims 18 to 20, characterised in that in combination of
images of poor quality, i.e. with a low signal-to noise-ratio,
the space-time representation along the transmural cuts is
built using a line for the transmural cut with a thickness larger
than that of a single pixel and by extracting the average value
across such a thickness.

22. A method according to claim 17, characterised in that
the instant velocity of the border line on each of the image
frames of the sequence of image frames is determined for
each of the reference points on the border-line by applying
two dimensional-correlation techniques or a specific optical
flow technique adapted for ultrasound image data of moving
objects.
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