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METHOD AND APPARATUS FOR
AUTOMATED ULTRASONIC DOPPLER
ANGLE AND FLOW VELOCITY
ESTIMATION

FIELD OF THE INVENTION

[0001] This belongs to the field of ultrasound velocimetry.

BACKGROUND OF THE INVENTION

[0002] Monitoring a blood flow pattern in the blood vessels
of a subject is an important means of assessing the health of
the subject. Monitoring blood flow patterns is of importance
in maternal and fetal vessels during routine antenatal consul-
tation, carotid artery for stroke screening, lower extremities
for Peripheral Arterial Disease (PAD) for example. Espe-
cially in the field of obstetrics, measurements of blood flow to
the uterus and the fetus is an important means of assessing the
adequacy of blood supply to the fetus and hence fetal health or
distress.

In ultrasonic velocimetry the velocity of blood flow is mea-
sured by the use of Doppler shift experienced by pulsed
ultrasound. For the measurement to be accurate, ideally, the
beam of ultrasound must be parallel to the blood flow. For
measuring the velocity with acceptable accuracy the angle
between the direction of flow and the beam, called the Dop-
pler angle, must be below a certain threshold. This threshold
is normally 60° and it is not recommended to make measure-
ments when the Doppler angle is greater than this value.
[0003] Even when the Doppler angle is less than 60°, the
angle needs to be measured and the velocity estimated needs
be corrected for the difference between the ideal, i.e. thebeam
being parallel to the flow, and the actual Doppler angle. When
blood velocity is measured using an ultrasound imaging
device, it is possible to ascertain that the Doppler angle is
within 60° and measure the angle and correct for it. However,
ultrasound imaging devices with blood velocimetry are
expensive and needs a trained radiologist to operate and inter-
pret the results. Thus there has been a need for inexpensive
systems, may be without imaging capabilities, but able to
carry out ultrasound blood velocimetry.

SUMMARY OF THE INVENTION

[0004] One of the problems encountered in blood velocim-
etry without imaging is determining the Doppler angle. This
document discloses a device for measuring blood flow veloc-
ity in the blood vessels of a subject. Such an ultrasound device
for measuring blood flow velocity in a blood vessel of a
subject, the measurement depending on reflections from a
volume of a subject’s body part of a collimated beam of
ultrasound energy radiated by an ultrasound transducer into
the volume of the subject’s body part, the device comprising,
a signal input unit for receiving electrical signals representa-
tive of the reflected ultrasound energy received by each trans-
ducer element of an ultrasound transducer including a two
dimensional array of transducer elements, an analyzer for
analyzing the signals for generating a representation of blood
flow at a plurality of predetermined locations in the volume
and calculating a first blood flow velocity at each of the
locations, a delineating unit for delineating the blood flow in
the blood vessel in the volume from the representation of
blood flow. an angle calculating unit for calculating an angle
between the direction of the radiated collimated beam of
ultrasound energy at a plurality of points in the delineated
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blood flow and the direction of blood flow at the point depend-
ing onthe delineation and a velocity calculator for calculating
asecond blood flow velocity at the plurality of points based on
the calculated first velocities at the plurality of locations and
the calculated angle at the point for conveying the second
blood velocity to a user.

[0005] Such a device provides a means of carrying blood
velocimetry in a subject wherein the device has no imaging
function. This may provide the advantage that such a device is
more economical than a device with imaging functionality.
This may further provide the advantage that a user who is not
a highly trained ultrasonologist may also carry out blood
velocimetry.

[0006] Further, a method of measuring blood flow velocity
using Doppler ultrasound is disclosed. A method of determin-
ing a Doppler angle for Doppler blood velocimetry in a vol-
ume of a body part of a subject, the method comprising the
steps of, a receiving step of receiving electrical signals from a
two dimensional array of ultrasound transducers, the signals
being representative of ultrasound energy reflected from the
body part of the subject, the ultrasound energy having been
radiated by the two dimensional array, a computation step of
computing the Doppler power in a predetermined frequency
band received from predetermined locations in the volume, a
generating step of generating a first three dimensional array
wherein each cell of the array contains the Doppler power
value received from a location in the volume with a pre-
defined relationship between the location and the position of
the cell in the array, a mapping step of generating a second
three dimensional array wherein each cell of the second array
contains a binary bit representing whether a the value in the
corresponding cell of the first three dimensional array is
above a threshold or not, an identification step of identifying
a group of adjoining cells that contain the binary bit repre-
senting values above the threshold, in each two dimensional
array forming the second three dimensional array, a calcula-
tion step of calculating the three dimensional coordinates of
the centroid of the area covered by each group in each of the
two dimensional arrays and an angle calculation step of cal-
culating the angle between a first line joining two centroids
nearest to each other in the two adjacent two dimensional
arrays and a second line passing through one of the two
centroids, the line being parallel to the radiated ultrasound.
[0007] With this, the angle between the beam of ultrasound
and the blood vessel is known and may be used to correct
measured values of blood velocity in a known way. This
enables a method of carrying out blood velocimetry without
the need for a device with imaging capability. It is to be
understood that the method may also be used in a device with
imaging capability also to correct the measured values of
blood flow velocity, using the Doppler angle calculated using
the method.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] These and other aspects will be described in detail,
by way of example, on the basis of the following embodi-
ments and implementations, with reference to the accompa-
nying drawings, wherein:

[0009] FIG. 1 is a two dimensional array of Ultrasound
transducer elements;

[0010] FIG. 2 is an embodiment of the disclosed device;
[0011] FIG. 3 is a representation of the disclosed method;
[0012] FIG. 4 is a representation of an aspect of the dis-
closed method;



US 2014/0228688 Al

[0013] FIG. 5 is a representation of another aspect of the
disclosed method;

[0014] FIG. 6a is a representation of an aspect of the dis-
closed method;

[0015] FIG. 64 is a representation of an aspect of the dis-
closed method;

[0016] FIG. 6c is a representation of an aspect of the dis-
closed method; and

[0017] FIG. 6d is a representation of an aspect of the dis-
closed method; in which, like reference numerals refer to like
parts in the different figures.

DETAILED DESCRIPTION OF EMBODIMENTS

[0018] FIG. 1 shows an ultrasound transducer 100 that is
used with the disclosed device and the arrangement of trans-
ducer elements therein. The transducer arrangement consists
of a plurality of transducer elements arranged in a two dimen-
sional array. The FIG. 1 shows a 32 element transducer
arranged in six rows. The rows at the top and bottom of the
array have four elements each and there are four rows of six
elements each between them. However, this is only an exem-
plary arrangement and other arrangements may also be used.
Tt is also possible that the size of the transducer elements and
their shape may be different. A characteristic of the trans-
ducer array is that the individual transducer elements are
activated independently of one another and are not driven to
steer the beam with phase shifted signals. Such an array as the
onein FIG. 1 may be driven to produce a collimated beam of
ultrasound in a known way. During Doppler data acquisition,
the elements may be driven either sequentially or in groups
such that the acoustic signal from one transducer does not
affect the others that are driven at the same time.

[0019] FIG. 2 shows the disclosed device 200 schemati-
cally. The elements of the transducers are driven, as described
before with reference to FIG. 1, by the driver 201.The trans-
ducers receive the reflected ultrasound energy and convert
them to electrical signals. The signals provided by the indi-
vidual transducer elements are analyzed by the analyzer 203
to compute the Doppler power at a known number of points in
the sample volume and stores them in a three dimensional
array. An angle determining unit 207 uses this three dimen-
sional array to determine the angle, at cach point ofthe sample
volume from which Doppler data has been acquired, between
the ultrasound radiation at the point and the direction of the
vessel at the point. The angles thus calculated are the Doppler
angles at each point in the sample volume. A Doppler velocity
calculator 209 uses the Doppler data and the determined
angle to determine the velocity of blood flow at all points at
which the Doppler angle is less than 60°.

[0020] Theblood flow velocities, corrected for the Doppler
angle are conveyed to the user suitably using the user inter-
face 211. 1t is to be understood that the user interface itself
need not be a part of the device and may be an external unitto
which the calculated velocities are sent in a wired or wireless
means for being conveyed suitably to the user. This could for
instance be a printer or a general purpose computer or a
mobile device. However, it may be more useful to have the
user interface as a part of the device itself so that the device is
astand-alone unit that needs no interaction with other devices
or systems.

[0021] Itis possible that due to the anatomy of the vessels in
an individual subject or the position of the transducer on the
subject or both, none of the calculated Doppler angles are
below 60° or that at very few points in the sample volume are
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the Doppler angles less than 60°. The device may be config-
ured to convey to the user, in such cases, that the position of
the transducer on the subject be changed for useful measure-
ment to be made.

[0022] A method of determining the Doppler angle during
Doppler blood velocimetry is also disclosed hereby. This
describes the method of processing the reflected ultrasound
energy pulses received and converted to electrical signals by
a transducer. The transducer has a sparse array of transducer
elements as described with reference to FIG. 1 and the dis-
closed device above.

The received signal is processed for Doppler power. The
frequency range chosen for this is 300-2500 Hz, which is,
typically, representative of blood flow. The Doppler data is
acquired from points in the scan volume at step lengths of 2
mm, for example, from each element of the transducer, in a
direction perpendicular to the surface of the transducer ele-
ments. Doppler data may be acquired at any chosen step
lengths and 2 mm is normally deemed sufficient since, usu-
ally, no vessel of interest is smaller than 2 mm in diameter.
Doppler data is acquired up to a distance of 10 cm from the
transducer or the skin surface of the subject or any other
suitable starting and ending point. The analyzed data is used
to generate a three dimensional representation of flow in the
scan volume.

[0023] It is to be understood that the numerical values
above are mentioned for the sake of explanation. However, 1t
is possible to vary these values to suit a particular application.
Or that the devices are built based on this disclosure, which
have a varying values and ranges to make the device appli-
cable in cases in which the values are different from those
stated. For instance the frequency range may be wider to
accommodate the measurement of a larger blood velocity
caused by a stenosis. Or that the step lengths smaller than 2
mm—in case of infants which may have blood vessels of a
much smaller cross sectional diameter, and so on. All such
variations are deemed to be covered under the scope of this
disclosure.

[0024] For the further description, it is assumed that the
step length chosen is in fact 2 mm and that the transduceris a
32 element transducer as described before. Further, each
transducer element face is assumed to be a square with the
dimensions 10 mm by 10 mm. With this, the flow information
that results may be arranged in a is a 3 dimensional array
which has 6 rows, 6 columns and 50 layers, except for the top
and bottom rows, which have only 4 transducer elements.
Thus, the four corner cells of each layer will have no Doppler
power information in them. Except for the said cells, each cell
of this array contains information in terms of Doppler power
measured. This data is used to create a second array thatis a
replica of the first array in structure but has a digital ‘1’ in all
those cells that have a Doppler power value greater than a
predetermined threshold and a digital ‘0’ in all those cells that
have a Doppler power value less than or equal to that thresh-
old. The threshold is chosen such that noise and spurious
signals do not interfere with the delineation of the vessels.
[0025] This three dimensional array is visualized as the
flow map in three dimensions from which the vessels in the
sample volume are delineated. That means, the three dimen-
sional array may be visualised as having dimensions in the
real world matching the volume of the subject’s body from
which the reflected radiation is received and processed. Thus
each cell of the array has the dimensions corresponding to the
dimensions of the radiating surface of the transducer ele-
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ments and the distance between layers is visualised to have
the step lengths at which the Doppler power is received and
processed. This visualisation of the array as having physical
dimensions is key to the disclosure.

[0026] 1In each layer of the array all neighbouring cells
containing a ‘1” are considered to belong to the same vessel.
This group of cells containing adjoining 1’s are deemed to
represent the cross section of a vessel in a plane formed by
each layer. Thus we get cross sections of the vessels separated
by distances of 2 mm in the direction of the layers of the array.
[0027] Once the sections are determined, the centroid of
each of them is determined in a known way. Starting from any
layer, the nearest centroids on the two adjacent layers are
treated as belonging to the same vessel. Thus a line joining all
such centroids is deemed to be the centre line of each of the
vessels in the sample volume. Once these vessels are thus
delineated, the vessel is treated as piecewise linear and the
angle between each line joining two nearest centroids and a
line at each centroid perpendicular to the section and in the
direction of the transducer may be determined in a known
way. Each of these angles so measured is the Doppler angle at
that point.

[0028] The smallest angle determined, i.e., a point at the
centre of the cross section of the vessel at which the ultra-
sound beam is closest to being parallel to the vessel is
extracted and the Doppler power information from the first
three dimensional array belonging to the cell closest to the
centroidis used to calculate the velocity information using the
formula:

_ Fsxc
v= 2% Frscos(th)

wherein, v denotes the velocity of blood flow in an artery at a
particular point, Fs represents the Doppler frequency shift, ¢
represents speed of sound in the medium, th represents the
angle between the probe and the vessel and Ft represents the
frequency of the probe. This could be seen with reference to
FIG. 4 as in step 427, the initial velocity us calculated and in
step 429 the final or corrected velocity is calculated. Even
though on the description it above and in other places, a single
point

[0029] It is possible that due to the position of the trans-
ducer on the surface of the abdomen of the subject, and the
path of the vessel relative to the transducer, none of the
Doppler angles calculated as described above has a value less
than 60°. In one variant of the method, an information that the
position of the probe needs to be changed, since the current
position is not suitable for velocimetry with sufficient accu-
racy, may be conveyed to the user, in such cases. This is shown
in FIG. 5. The number of locations where the calculated angle
is less than the predetermined threshold is counted and in step
531, the number is compared with a predetermined number. If
the counted number is less than the predetermined number the
information may be conveyed to the user suitably to change
the position of the transducer on the surface of the subject’s
body. It is to be understood that the word position here may
mean the location on the subject, the angle or tilt and orien-
tation and so on. Needless to say, the process may be repeated
till reliable values of the velocity of blood flow are determined
1.e., at least one Doppler angle value less than 60° is obtained.
[0030] In another variant of the method, the velocities of
blood flow at different points on the vessel that meet the
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criteria, viz., where the Doppler angle is less than 60°, may be
calculated and the attention of the user may be suitably drawn
to any large difference between them. A large difference in
velocities may be indicative of an obstruction in the vessel or
a hemorrhage.

[0031] Itisalso conceivable that the Doppler data for all the
cells adjacent to the centroid are used to calculate the veloci-
ties at each of those cells and the average of the velocities may
be obtained to determine the blood flow velocity and then
corrected for the Doppler angle. Alternatively, the average of
values stored in all the cells adjacent to the centroid is first
determined and using this average, the velocity is determined
and then corrected for the Doppler angle.

[0032] The description hitherto is with the assumption that
the sections are obtained and the flow mapped at the layers of
the array as shown in FIG. 6a. The visualisation of the array,
for purposes of understanding, is shown in 6. It is to be
understood that this is not the only way of delineating the
vessels. It is equally possible to do it with the other two planes
perpendicular to the one shown in 6a. These are indicated in
FIG. 6b and in FIG. 6c with suitable modifications in the
calculations that follow. Knowing the normal anatomy of the
vessels being considered for velocimetry and the position of
the probe it may be advantageous to choose one of the three
possibilities. In all the three figures, the arrow indicates the
direction of insonation or radiation of the collimated beam of
Ultrasound.

[0033] Thedescription hitherto has assumed that the vessel
structures are always distinct enough to delineate the vessels
uniquely based on the method described. However in reality
it is possible that the vessels are twisted or cross over each
other such that the vessels when delineated based on the
method described will at some point cross over. In other
words the flow is mapped for one vessel for a certain distance
(certain number of contiguous centroids) and then a centroid
belonging to another vessel is treated as the next contiguous
centroid. Thus once the centroids are determined and the flow
is mapped, the Doppler data stored in the array are compared
in a known way to determine if they actually belong to the
same vessel or not. The comparison may be based on cross
correlation or any other numerical comparison method. An
alternative may be to use the Cross Teager-Ville distribution
or cross Wigner-Ville distributions, for instance. The blood
flow has characteristics that remain substantially the same
along a given blood vessel. By comparing these characteris-
tics at different points in the vessel it may be confirmed that
the mapping of the vessels has been carried out correctly. In
case this test shows that the mapping is incorrect, by reposi-
tioning the transducer better results could easily be obtained.
[0034] While the embodiments have been described in
detail in the drawings and description, such drawings and
description are to be considered exemplary and not restric-
tive; the invention is not limited to the disclosed embodi-
ments.

[0035] For example, it is possible to practice the invention
in an arrangement wherein there are more than one computer
memory units to store the three dimensional arrays. Similarly,
the steps of methods disclosed in different embodiments may
be combined with advantage.

[0036] Other variations to the disclosed embodiments can
be understood and effected by those skilled in the art, in
practicing the claimed invention, from a study of the draw-
ings, the disclosure, and the appended claims. In the claims,
the word “comprising” does not exclude elements or steps
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other than those mentioned, and the indefinite article “a” or
“an” does not exclude a plurality. A single processor or other
unit may fulfill the functions of several items recited in the
claims. The mere fact that certain measures are recited in
mutually different dependent claims does not indicate that a
combination of these measures cannot be used to advantage.

1. An ultrasound device for measuring blood flow velocity
in a blood vessel of a subject, the measurement depending on
reflections from a volume of a subject’s body part of a colli-
mated beam of ultrasound energy radiated by an ultrasound
transducer into the volume of the subject’s body part, the
device comprising;

asignal input unit for receiving electrical signals represen-
tative of the reflected ultrasound energy received by each
transducer element of the ultrasound transducer includ-
ing a two dimensional array of transducer elements;

an analyzer for analyzing the signals for generating a rep-
resentation of blood flow at a plurality of predetermined
locations in the volume and calculating a first blood flow
velocity at each of the locations;

a delineating unit for delineating the blood flow in the
blood vessel in the volume from the representation of
blood flow;

an angle calculating unit for calculating an angle between
the direction of the radiated collimated beam of ultra-
sound energy at a plurality of points in the delineated
blood flow and the direction of blood flow at the point
depending on the delineation; and

a velocity calculator for calculating a second blood flow
velocity at the plurality of points based on the calculated
first velocities at the plurality of locations and the cal-
culated angle at the point for conveying the second blood
velocity to a user.

2. The device of claim 1 wherein the final blood flow
velocity at any point is determined only if the Doppler angle
at that point is less than a predetermined value.

3. The device of claim 1, wherein the angle determining
unit is for conveying to the user an information to change a
position of the transducer on the subject when the number of
the Doppler angles determined that are below the predefined
value is less than a predefined number.

4. A method of determining a Doppler angle for Doppler
blood velocimetry in a volume of a body part of a subject, the
method comprising the steps of:
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a receiving step of receiving electrical signals from a two
dimensional array of ultrasound transducers, the signals
being representative of ultrasound energy reflected from
the body part of the subject, the ultrasound energy hav-
ing been radiated by the two dimensional array;

a computation step of computing the Doppler power in a
predetermined frequency band received from predeter-
mined locations in the volume;

a generating step of generating a first three dimensional
array wherein each cell of the array contains the Doppler
power value received from a location in the volume with
a predefined relationship between the location and the
position of t e cell n the array;

a mapping step of generating a second three dimensional
array wherein each cell of the second array contains a binary
bit representing whether a the value in the corresponding cell
of the first three dimensional array is above a threshold or not;
an identification step of identifying a group of adjoining
cells that contain the binary bit representing values
above the threshold, in each two dimensional array
forming the second three dimensional array;

a calculation step of calculating the three dimensional
coordinates of the centroid of the area covered by each
group in each of the two dimensional arrays; and

an angle calculation step of calculating the angle between
a first line joining two centroids nearest to each other in
the two adjacent two dimensional arrays and a second
line passing through one of the two centroids, the line
being parallel to the radiated ultrasound.

5. The method of claim 4 further comprising a velocity
calculation step of calculating a first velocity of blood flow at
a location based on the Doppler power at that location and a
velocity correction step of correcting the calculated velocity
depending on the Doppler angle calculated at that location,
for being conveyed to a user.

6. The method of claim 5 wherein the velocity correction
step corrects the calculated velocity only when the angle
calculated at that point is less than a predetermined threshold.

7. The method of claim 4 further comprising an assessment
step of calculating the number of determined angles the val-
ues of which are less than a predetermined threshold and
determining if the position of the ultrasound transducer on the
subject needs to be changed based on a predefined number,
for being conveyed to a user.
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