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A method and apparatus for improving the measurement of flow velocity of blood

TECHNICAL FIELD OF THE INVENTION
The invention relates to a method and apparatus for improving the
measurement of flow velocity of blood, and in particular relates to improving measurements

of the flow velocity of blood using an ultrasound transducer.

BACKGROUND OF THE INVENTION

Cardiac output is a measure of the amount of blood that is pumped out of the
heart in one minute. Cardiac output is determined as stroke volume (i.e. the volume of blood
pumped per beat of the heart) multiplied by the number of heart beats per minute (i.e. the
heart rate). This parameter (particularly beat-to-beat cardiac output) is difficult to measure
non-invasively. However, it is possible to measure cardiac output from the flow velocity of
the blood (which can be obtained using ultrasound Doppler) and the cross-sectional area of
the aorta.

GB 2257254 describes a method and apparatus for measuring the cross-
sectional area of blood vessels and blood flow velocity (and hence cardiac output) using
Doppler ultrasound. An ultrasound probe is directed downwardly via the suprasternal notch
and Doppler signals from the moving blood in the aorta are detected. Signal processing
means determine the Doppler power at successive ranges and the resulting power curve is
correlated against stored curves representing a range of known aorta cross-sectional areas to
find the closest fit.

Typically, to estimate cardiac output, the operator has to manually aim the
probe at the center of the aorta, and the cross-sectional area of the aorta is estimated from the
weight or length of a patient, or estimated according to other techniques, such as those
described in GB 2257254. This approach of calculating cardiac output is unreliable due to
difficulty in locating the aorta, and interpersonal variations, especially at young and old ages.
Moreover, multiple measurements of the cardiac output from the same patient can be
inconsistent since the measurement is sensitive to the positioning of the probe. Thus the
accuracy of the conventional solutions very much depend on the skill of the operator to

identify the ascending aorta and determine the correct position of the transducer.
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SUMMARY OF THE INVENTION

There is therefore a need for a method and apparatus that can improve
measurements of flow velocity and thus cardiac output.

According to a first aspect, there is provided method of improving a
measurement of the flow velocity of blood in a blood vessel of a subject, the method
comprising: using an ultrasound transducer to emit an ultrasound beam to measure flow
velocity in a part of a body of a subject; forming a spatial time velocity profile for the part of
the body from the measured flow velocity; and analyzing the spatial time velocity profile to
determine a correction to the angle of the ultrasound beam with respect to the subject, the
correction being based on a difference between the position of a peak in the spatial time
velocity profile and the center of the spatial time velocity profile. Therefore, the method
determines how the angle of the ultrasound beam should be corrected in order to center a
flow velocity peak and thus improve a measurement of flow velocity.

In some embodiments, the peak in the spatial time velocity profile comprises
the maximum flow velocity in the spatial time velocity profile.

In some embodiments, the method further comprises the step of providing
feedback to an operator of the ultrasound transducer based on the determined correction to
the angle. The feedback to the operator can comprise an indication of a rotation of the
ultrasound transducer with respect to the subject that would position the peak in the spatial
time velocity profile in, or nearer to, the center of the spatial time velocity profile. The
indication can be a visual, aural and/or tactile indication, or a combination thereof. This
embodiment has an advantage that the operator can be guided as to an improved or correct
positioning of the ultrasound transducer with respect to the subject.

In further or alternative embodiments, the method further comprises the steps
of determining a first control signal for the ultrasound transducer based on the determined
correction to the angle; and adjusting the direction of the ultrasound beam emitted by the
ultrasound transducer according to the determined first control signal such that the position of
the peak in the spatial time velocity profile is in, or nearer to, the center of the spatial time
velocity profile. This embodiment has an advantage that the angle of the ultrasound beam can
be automatically adjusted to improve the flow velocity measurement without requiring the
use of an actuator.

In further or alternative embodiments, the method further comprises the step

of determining a second control signal for an orientation actuator for the ultrasound
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transducer based on the determined correction to the angle, wherein the orientation actuator is
capable of adjusting the orientation of the ultrasound transducer with respect to the subject.
In these embodiments, the method can further comprise the step of controlling the orientation
actuator using the second control signal to adjust the orientation of the ultrasound transducer
with respect to the subject such that the position of the peak in the spatial time velocity
profile would be in, or nearer to, the center of the spatial time velocity profile. This
embodiment has an advantage that the angle of the ultrasound beam can be automatically
adjusted to improve the flow velocity measurement.

In further or alternative embodiments, the method further comprises the step
of determining a correction to a value of a flow velocity in the spatial time velocity profile
based on the determined correction to the angle.

In some embodiments, the step of using an ultrasound transducer comprises
using the ultrasound transducer to measure flow velocity at a plurality of depths in the part of
the body; the step of forming a spatial time velocity profile comprises forming a respective
spatial time velocity profile for each of the plurality of depths, each spatial time velocity
profile being formed from the measured flow velocity at the respective depth; and the step of
analyzing the spatial time velocity profile to determine a correction to the angle of the
ultrasound beam comprises analyzing one or more of the plurality of spatial time velocity
profiles to determine the correction to the angle of the ultrasound beam.

In some embodiments, the method further comprises the step of analyzing the
spatial time velocity profiles to determine a correction to the position of the ultrasound
transducer with respect to the subject,

In some embodiments, the step of analyzing the spatial time velocity profiles
to determine a correction to the position of the ultrasound transducer with respect to the
subject, comprises determining the correction based on the fitting of a geometric model of the
arterial path through peaks in the spatial time velocity profiles.

In some embodiments, the method further comprises the step of providing
feedback to an operator of the ultrasound transducer based on the determined correction to
the position. The feedback to the operator can comprise an indication of a movement of the
ultrasound transducer with respect to the subject that would improve the alignment of the
ultrasound transducer with the artery. The indication can be a visual, aural and/or tactile
indication, or a combination thereof. This embodiment has an advantage that the operator can
be guided as to an improved or correct positioning of the ultrasound transducer with respect

to the subject.
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In further or alternative embodiments, the method further comprises the step
of determining a third control signal for a position actuator for the ultrasound transducer
based on the determined correction to the position, wherein the position actuator is capable of
adjusting the position of the ultrasound transducer with respect to the subject. The method
can further comprise the step of controlling the position actuator using the third control signal
to adjust the position of the ultrasound transducer with respect to the subject such that the
alignment of the ultrasound transducer with the artery is improved. This embodiment has an
advantage that the position of the ultrasound beam can be automatically adjusted to improve
the flow velocity measurement.

According to a second aspect, there is provided a computer program product
comprising a computer readable medium having computer readable code embodied therein,
the computer readable code being configured such that, on execution by a suitable computer,
control unit or processor, the computer, control unit or processor is caused to control an
ultrasound transducer connected to the computer, control unit or processor to emit an
ultrasound beam to measure flow velocity in a part of a body of a subject; form a spatial time
velocity profile for the part of the body from the measured flow velocity; and analyze the
spatial time velocity profile to determine a correction to the angle of the ultrasound beam
with respect to the subject, the correction being based on a difference between the position of
a peak in the spatial time velocity profile and the center of the spatial time velocity profile.

More generally, the computer readable code according to the second aspect is
configured such that a suitable computer, control unit or processor is caused to perform any
of the methods described above.

According to a third aspect, there is provided an apparatus for measuring flow
velocity of blood in a blood vessel of a subject, the apparatus comprising a control unit that is
configured to obtain measurements of flow velocity in a part of a body of a subject, wherein
the measurements are made using an ultrasound transducer that emits an ultrasound beam;
form a spatial time velocity profile for the part of the body from the measured flow velocity;
and analyze the spatial time velocity profile to determine a correction to the angle of the
ultrasound beam with respect to the subject, the correction being based on a difference
between the position of a peak in the spatial time velocity profile and the center of the spatial
time velocity profile. Therefore, the apparatus determines how the angle of the ultrasound
beam should be corrected in order to center a flow velocity peak and thus improve a

measurement of flow velocity.
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In some embodiments, the apparatus further comprises an ultrasound
transducer.

In some embodiments, the peak in the spatial time velocity profile comprises
the maximum flow velocity in the spatial time velocity profile.

In some embodiments, the control unit is further configured to determine
feedback for an operator of the ultrasound transducer based on the determined correction to
the angle. The feedback to the operator can comprise an indication of a rotation of the
ultrasound transducer with respect to the subject that would position the peak in the spatial
time velocity profile in, or nearer to, the center of the spatial time velocity profile. The
indication can be a visual, aural and/or tactile indication, or a combination thereof. In some
embodiments, the apparatus can further comprise a user interface component for providing
the determined feedback to the operator. This embodiment has an advantage that the operator
can be guided as to an improved or correct positioning of the ultrasound transducer with
respect to the subject.

In further or alternative embodiments, the control unit is further configured to
determine a first control signal for the ultrasound transducer based on the determined
correction to the angle; and output the first control signal for adjusting the direction of the
ultrasound beam emitted by the ultrasound transducer such that the position of the peak in the
spatial time velocity profile is in, or nearer to, the center of the spatial time velocity profile.
This embodiment has an advantage that the angle of the ultrasound beam can be
automatically adjusted to improve the flow velocity measurement without requiring the use
of an actuator.

In further or alternative embodiments, the control unit is further configured to
determine a second control signal for an orientation actuator for the ultrasound transducer
based on the determined correction to the angle, wherein the orientation actuator is capable of
adjusting the orientation of the ultrasound transducer with respect to the subject. In these
embodiments, the control unit is further configured to control the orientation actuator using
the second control signal to adjust the orientation of the ultrasound transducer with respect to
the subject such that the position of the peak in the spatial time velocity profile would be in,
or nearer to, the center of the spatial time velocity profile. In some embodiments, the
apparatus further comprises an orientation actuator that is configured to adjust the orientation
of the ultrasound transducer with respect to the subject. This embodiment has an advantage
that the angle of the ultrasound beam can be automatically adjusted to improve the flow

velocity measurement.
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In further or alternative embodiments, the control unit is further configured to
determine a correction to a value of a flow velocity in the spatial time velocity profile based
on the determined correction to the angle.

In some embodiments, the measurements of the flow velocity are indicative of
flow velocity at a plurality of depths in the part of the body; and wherein the control unit is
configured to form a respective spatial time velocity profile for each of the plurality of
depths, each spatial time velocity profile being formed from the measured flow velocity at
the respective depth; and the control unit is configured to analyze the spatial time velocity
profile to determine a correction to the angle of the ultrasound beam by analyzing one or
more of the plurality of spatial time velocity profiles to determine a correction to the angle of
the ultrasound beam.

In some embodiments, the control unit is further configured to analyze the
spatial time velocity profiles to determine a correction to the position of the ultrasound
transducer with respect to the subject,

In some embodiments, the control unit is configured to analyze the spatial time
velocity profiles to determine a correction to the position of the ultrasound transducer with
respect to the subject by determining the correction based on the fitting of a geometric model
of the arterial path through peaks in the spatial time velocity profiles.

In some embodiments, the control unit is further configured to determine
feedback for an operator of the ultrasound transducer based on the determined correction to
the position. The feedback to the operator can comprise an indication of a movement of the
ultrasound transducer with respect to the subject that would improve the alignment of the
ultrasound transducer with the artery. The indication can be a visual, aural and/or tactile
indication. In some embodiments, the apparatus can further comprise a user interface
component for providing the determined feedback to the operator. This embodiment has an
advantage that the operator can be guided as to an improved or correct positioning of the
ultrasound transducer with respect to the subject.

In further or alternative embodiments, the control unit is further configured to
determine a third control signal for a position actuator for the ultrasound transducer based on
the determined correction to the position, wherein the position actuator is capable of
adjusting the position of the ultrasound transducer with respect to the subject. In these
embodiments, the control unit is further configured to control the position actuator using the
third control signal to adjust the position of the ultrasound transducer with respect to the

subject such that the alignment of the ultrasound transducer with the artery is improved. In
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some embodiments, the apparatus further comprises a position actuator that is capable of
adjusting the position of the ultrasound transducer with respect to the subject. This
embodiment has an advantage that the position of the ultrasound transducer can be

automatically adjusted to improve the flow velocity measurement.

BRIEF DESCRIPTION OF THE DRAWINGS

For a better understanding of the invention, and to show more clearly how it
may be carried into effect, reference will now be made, by way of example only, to the
accompanying drawings, in which:

Figure 1 is an illustration of the type of measurement performed using the

invention;

Figure 2 is a diagram illustrating an exemplary spatial time velocity profile for
an artery;

Figure 3 is a block diagram of an apparatus according to an embodiment of the
invention;

Figure 4 illustrates a scenario in which the invention can be used;
Figure 5 is a flow chart illustrating a method of improving measurements of
flow velocity of blood according to an embodiment; and

Figure 6 illustrates another scenario in which the invention can be used.

DETAILED DESCRIPTION OF THE EMBODIMENTS

The invention is for use in measuring the flow velocity of blood in a blood
vessel, for example an artery or vein, particularly the ascending aorta or pulmonary artery, of
a subject. The aorta is the main artery in the human body and starts at the left cardiac
ventricle and extends down the chest and abdomen of the body. The ascending aorta is the
part of the aorta extending out of the top of the left ventricle before the aorta curves
downwards. The pulmonary artery is the artery that connects the right ventricle of the heart to
the lungs. Although the following description of the invention refers to measuring the flow
velocity of blood in an artery, it will be appreciated that the invention can also be used to
measure flow velocity in veins.

In some embodiments, an ultrasound transducer can be used on, in or near the
suprasternal notch of a subject in order to measure the flow velocity of blood in the ascending
aorta. In other embodiments, an ultrasound transducer can be used in a parasternal position to

measure the flow velocity of the blood in the pulmonary artery.
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Figure 1 illustrates a measurement scenario in which the invention can be
used. Figure 1 shows an aorta 2 (ascending or pulmonary) which is oriented in a generally
vertical direction with blood flowing upwards, and an ultrasound transducer 4 that is
positioned above the aorta 2. In the following description of the invention, reference is made
to transverse, lateral and axial directions relative to the transducer 4. These three directions
are shown in Figure 1, with the axial direction (also referred to as the z-axis) corresponding
to the direction that is perpendicular to the plane of the transducer 4, and the transverse and
lateral directions (also referred to the x- and y-axes) comprising orthogonal axes in the plane
of the transducer 4.

The transducer 4 measures flow velocity in the axial direction across at least
one cross-section using ultrasound Doppler techniques to form a spatial time velocity profile.
Figure 1 shows two exemplary cross-sections at a distance of 100 mm and 150 mm from the
transducer 4 although these should not be considered to be limiting. At a depth of around
150mm into the body the aorta 4 is generally aligned with the transducer 4.

An exemplary arterial blood spatial time velocity profile (i.e. a spatial
distribution of velocities) is shown in Figure 2, and it can be seen that, as expected for a flow
of viscous fluid through a tube, the velocity increases towards the center of the artery. Those
skilled in the art will appreciate that a spatial time velocity profile comprises a velocity
measurement or estimate at each of a plurality of positions on a two-dimensional plane/cross-
section.

As noted above, to estimate cardiac output, an operator of an ultrasound probe
has to manually aim the probe at the center of the aorta. However the accuracy of the flow
velocity measurement is sensitive to the positioning of the probe. Therefore the invention
aims to improve the accuracy of an ultrasound measurement of flow velocity by analyzing a
spatial time velocity profile obtained by the ultrasound transducer and determining a
correction to the angle of the ultrasound transducer with respect to the subject (which is also
referred to herein as the orientation of the transducer). In some embodiments, spatial time
velocity profiles for a plurality of depths can be analyzed in order to determine a correction to
the angle and position of the ultrasound transducer.

In some embodiments, the determined correction can then be indicated to an
operator in order for the operator to make an adjustment to the positioning of the ultrasound
transducer, and/or an actuator can be controlled according to the determined correction to

automatically adjust the positioning of the transducer.
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An exemplary apparatus for measuring the flow velocity of blood according to
an embodiment of the invention is shown in Figure 3. The apparatus 10 comprises an
ultrasound transducer 12 that is for emitting ultrasound and measuring ultrasound reflections.

The ultrasound transducer 12 can comprise a plurality of transducer elements
that generate ultrasound and measure the reflected ultrasound. The ultrasound transducer 12
can be a continuous-wave (CW) Doppler ultrasound transducer 12 or a pulsed-wave (PW)
Doppler ultrasound transducer 12.

In some embodiments, the ultrasound transducer 12 can comprise a plurality
of transducer elements arranged as a linear array of transducer elements, and the ultrasound
transducer 12 can be provided with an acoustic lens or other acoustic beam shaping element
in order to create an annulus-shaped or toroidal-shaped ultrasound beam. This ultrasound
beam can be used to obtain spatial-time-velocity information from the subject (e.g. time-
velocity information in the lateral and transverse directions).

In other embodiments, the ultrasound transducer 12 can comprise a plurality of
transducer elements, and the transducer elements can be arranged in a two-dimensional (2D)
array. The transducer elements can be driven individually or in combination in order to
generate and steer an ultrasound beam and thereby obtain spatial-time-velocity information
from the subject. This type of ultrasound transducer 12 can be used to obtain spatial-time-
velocity information in a three-dimensional (3D) volume of the subject, and thus spatial-
time-velocity information at a plurality of depths in the subject (e.g. time-velocity
information in the lateral and transverse directions at a plurality of depths).

Those skilled in the art will be aware of suitable types of ultrasound transducer
12 that can be used in embodiments according to the invention.

The ultrasound transducer 12 is connected to a control unit 14 that controls the
operation of the transducer 12 and that receives the output of the transducer 12. The
ultrasound transducer 12 can output measurements of the received ultrasound reflections to
the control unit 14, and the control unit 14 can analyze the Doppler shift in the ultrasound
reflections to determine measurements of flow velocity. The control unit 14 can comprise one
Or more processors, processing units, multi-core processors or modules that are configured or
programmed to control the apparatus 10 and components thereof to determine a measurement
of flow velocity of blood in an artery of the subject as described below.

The apparatus 10 can also comprise a memory unit 16 that can be used for

storing program code that can be executed by the control unit 14 to perform the method
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described herein. The memory unit 16 can also be used to store signals and measurements
made or obtained by the apparatus 10 and/or by the ultrasound transducer 12.

In some embodiments, the apparatus 10 can further comprise a user interface
18 for providing feedback to the operator of the apparatus 10 and/or one or more actuators 20
for adjusting the angle (orientation) and/or position of the ultrasound transducer 12 with
respect to the subject based on a control signal from the control unit 14.

The user interface 18 is to provide feedback to the operator to instruct, enable
or encourage the operator to adjust the angle and/or position of the ultrasound transducer 12
in order to improve the accuracy and/or reliability of the measurement of flow velocity. The
user interface 18 can therefore comprise any component that is suitable for providing this
feedback/information, and can be, for example, any one or more of a display screen or other
visual indicator, a speaker, one or more lights, and a component for providing tactile
feedback (e.g. a vibration function). In addition to providing the above feedback, the user
interface 18 can be used to provide the subject or operator of the apparatus 10 (for example a
healthcare provider) with information resulting from the method according to the invention.
For example the user interface 18 can provide an indication of the flow velocity of the
subject.

The one or more actuators 20 can comprise any suitable means for enabling
the angle and/or position of the ultrasound transducer 12 to be adjusted with respect to the
subject. The one or more actuators 20 can be any type of actuator 20 that is capable of
moving or controlling a mechanism or system to change the orientation and/or position of the
ultrasound transducer 12. The actuator can be based on electric, magnetic, pneumatic or
hydraulic principles, or any combination thereof. The most suitable types of actuator are
electric or magnetic actuators. An electric actuator can be a motor or piezoelectric
component. A magnetic actuator can be actuated by applying magnetic energy. These types
of actuators are typically compact, lightweight, economical, and with high power density.
Magnetic actuators can use shape memory materials (SMMs), such as shape memory alloys
(SMAs), or magnetic shape-memory alloys (MSMAs). One suitable type of actuator are
electroactive polymers (EAPs), which are polymers that exhibit a change in size or shape
when stimulated by an electric field. EAPs can have several configurations, but are generally
divided in two principal classes: dielectric and ionic.

In some embodiments (which can be separate or combined with those set out

above), adjustment of the ultrasound transducer 12 can be effected by adjusting the direction
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of an ultrasound beam from the ultrasound transducer 12, for example by adjusting the phase
of individual transducer array elements in the ultrasound transducer 12.

It will be appreciated that Figure 3 only shows the components required to
illustrate this aspect of the invention, and in a practical implementation the apparatus 10 will
comprise additional components to those shown. For example, the apparatus 10 may
comprise a battery or other power supply for powering the apparatus 10 or means for
connecting the apparatus 10 to a mains power supply, and/or a communication module for
enabling the flow velocity measurements to be communicated to a remote computer.

Figure 4 illustrates a scenario in which the invention can be used, and Figure 5
is a flow chart illustrating a method according to an embodiment.

Figure 4(a) shows an aorta 2 and an ultrasound transducer 12 that is positioned
generally above the aorta 2 (for example in the suprasternal notch of the subject). Vectors 28
indicate the direction of blood flow in the aorta 2, and vectors 29 indicate the component of
the velocity towards the ultrasound transducer 12 that can be measured by ultrasound
transducer 12. In this embodiment the ultrasound transducer 12 may not have the ability to
obtain spatial-time-velocity information at a plurality of depths, and thus the spatial-time-
velocity profile is obtained by integrating the axial component of the velocity of the blood
flow at all depths for each (2D) spatial position. The ultrasound beam 30 from the ultrasound
transducer 12 is shown in Figure 4(a), and in this illustration, the ultrasound transducer 12 is
not correctly aligned with the aorta 2 (as shown by the center axis 32 of the ultrasound beam
being offset by an angle O from the axis 34 of the aorta 2).

Figure 4(b) shows a spatial-time-velocity profile obtained using the ultrasound
transducer 12 where the center axis 32 of the ultrasound beam is offset by an angle © from
the axis 34 of the aorta 2, and it can be seen that the center of the part of the spatial-time-
velocity profile relating to the flow of blood in the aorta 2 is offset from the center axis 32 of
the ultrasound beam 30 by a distance d. This offset leads to off-center angles interacting with
the high-velocity center of the aorta 2, thereby ‘smearing’ the obtained spatial-time-velocity
profile.

Where the ultrasound transducer 12 is not aligned with the aorta 2, the
accuracy and repeatability of flow velocity measurements of the blood in the aorta 2 will be
compromised. The method according to this embodiment of the invention therefore aims to
detect this offset to enable an operator and/or the apparatus 10 to take corrective action.

Thus, in step 101, an ultrasound transducer 12 that emits an ultrasound beam is

used to measure flow velocity in a part of a body of a subject. For example, the ultrasound
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transducer 12 can be used on, in or near the suprasternal notch of a subject in order to
measure the flow velocity of blood in the ascending aorta. In other embodiments, an
ultrasound transducer can be used in a parasternal position to measure the flow velocity of
the blood in the pulmonary artery. In step 101, flow velocity is measured in a plurality of
spatial directions. The ultrasound transducer 12 can measure the flow velocities at a
particular depth, or the ultrasound transducer 12 can measure the flow velocities as the
integral of the axial component of the velocity of the blood flow at all depths for each spatial
position.

In step 103, a spatial time velocity profile (for example as shown in Figure 2
and 4(b)) is formed for the part of the body from the measured flow velocities. That is, a
spatial time velocity profile indicating the flow velocity for each of a number of different
positions in the lateral and transverse directions is formed from the flow velocity
measurements made in a plurality of directions from the ultrasound transducer 12. Step 103
can be performed by control unit 14.

In step 105, the spatial time velocity profile is analyzed to determine a
correction to the angle of the ultrasound beam emitted by ultrasound transducer 12 with
respect to the subject. In particular, the spatial-time-velocity profile is analyzed to identify a
peak in the profile, and the difference between the position of the peak in the spatial time
velocity profile and the center of the spatial time velocity profile (corresponding to the
intersection of the axis 32 in Figure 4(a) with the profile) is determined. The correction to the
angle of the ultrasound beam is based on the determined difference. Step 105 can be
performed by control unit 14. The peak in the spatial time velocity profile identified in step
105 can be the maximum flow velocity in the spatial time velocity profile.

In some embodiments, the method further comprises the step of providing
feedback to an operator of the ultrasound transducer based on the determined correction to
the angle. The feedback can be provided in any suitable form using any suitable feedback
means in user interface 18.

For example, in some embodiments, the feedback can simply comprise an
indication that the orientation of the ultrasound transducer 12 is not correct, in which case the
operator can adjust the orientation of the ultrasound transducer 12 until the feedback
indicates that the orientation is correct (i.e. when the peak in the spatial time velocity profile
is within a threshold distance of or is at the center of the spatial time velocity profile). The

indication can be a visual, aural and/or tactile indication, or a combination thereof.
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In other embodiments, the feedback can be an indication of the rotation of the
ultrasound transducer 12 with respect to the subject and/or an indication of the direction of
the rotation of the ultrasound transducer 12 that is required in order to position the peak in the
time velocity profile in, or nearer to, the center of the spatial time velocity profile. The
indication can be a visual, aural and/or tactile indication, or a combination thereof.

In some embodiments, which can be in addition to or alternatively to the
embodiments in which feedback is provided to the operator, the method can further comprise
determining a control signal (also referred to herein as a first control signal) for the
ultrasound transducer 12 based on the determined correction to the angle that can be used to
steer the ultrasound beam 30 produced by the ultrasound transducer 12. The ultrasound
transducer 12 can then be controlled using the first control signal to adjust the direction in
which the ultrasound beam 30 is emitted with respect to the subject such that the position of
the peak in the time velocity profile is in, or nearer to, the center of the spatial time velocity
profile. In particular, the first control signal can be used to adjust the phase of individual
transducer elements in the ultrasound transducer 12 in order to steer the ultrasound beam 30
in the required direction.

In some embodiments, which can be in addition to or alternatively to the
embodiments in which feedback is provided to the operator, the method can further comprise
determining a control signal (also referred to herein as a second control signal) for an
orientation actuator 20 for the ultrasound transducer 12 based on the determined correction to
the angle. The orientation actuator 20 can then be controlled using the second control signal
to adjust the orientation of the ultrasound transducer 12 with respect to the subject such that
the position of the peak in the time velocity profile is in, or nearer to, the center of the spatial
time velocity profile.

Once the orientation of the ultrasound transducer 12 has been adjusted, either
by the operator in response to the operator feedback or by beam steering or by the orientation
actuator 20, steps 101-105 can be repeated. If in step 105 it is determined that no correction is
required to the angle of the ultrasound transducer 12, then the spatial time velocity profile
determined in step 103 can be analyzed to determine the flow velocity of the blood in the
aorta 2, and/or any other cardiac parameter that can be derived from the flow velocity of the
blood, for example using an aortic flow model.

In some embodiments, the method can further comprise the step of
determining a correction to a value of a flow velocity in the spatial time velocity profile

based on the determined correction to the angle. This step can be performed in addition or
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alternatively to the providing feedback and determining control signal steps set out above. In
particular, in this step information from the spatial time velocity profile can be used to
estimate the residual angle error of the aorta 2 with respect to the ultrasound transducer 12,
and the blood flow velocity estimate from the profile can be corrected using this residual
angle error (for example by multiplying by the secant of the angle). Where this step is
performed as an alternative to the providing feedback and determining control signal steps,
this step has the advantage that an automatic ‘correction’ to the angle (or more directly the
flow velocity itself) can be made without requiring the apparatus 10 to include an actuator 20.

In some embodiments, the ultrasound transducer 12 may be able to measure
flow velocity at a plurality of depths so that spatial-time-velocity profiles can be determined
for specific depths. In this case, the step of analyzing (step 105) can comprise analyzing one
or more of the plurality of spatial time velocity profiles to determine a correction to the angle
of the ultrasound beam. Where different corrections are determined from each spatial time
velocity profile, the correction for one of them, or an average of the corrections, can be
selected as the output of step 105.

Figure 6 illustrates another scenario in which the invention can be used. Figure
6 shows an aorta 2 and an ultrasound transducer 12 that is positioned in position A generally
above the aorta 2 (for example in the suprasternal notch of the subject). Vectors 28 indicate
the direction of blood flow in the aorta 2, and vectors 29 indicate the component of the
velocity towards the ultrasound transducer 12 that can be measured by ultrasound transducer
12. In this embodiment the ultrasound transducer 12 can measure the spatial-time-velocity
information individually at a plurality of depths (e.g. it can be a 3D ultrasound system), and
thus separate spatial-time-velocity profiles are obtained. Three depths are shown in Figure 6,
and the resulting spatial-time-velocity profiles are shown in the figure (labelled 36-1, 36-2
and 36-3). The ultrasound beam 30 from the ultrasound transducer 12 is shown, and in this
illustration, the ultrasound transducer 12 is not correctly positioned with respect to the aorta
2, as shown by the ultrasound transducer 12 being offset in the lateral and/or transverse
directions by a distance P from an ideal measurement position B. It can be seen that in each
of the profiles 36-1, 36-2 and 36-3, the peak in the flow velocity is offset from the center of
the profile (with the peak being increasingly offset as the measurement depth decreases).

In this scenario, the method in Figure 5 can be used to identify a correction to
the angle of the ultrasound beam from the obtained spatial time velocity profiles. In addition,
the spatial time velocity profiles can be analyzed to determine a correction to the position of

the ultrasound transducer 12 (in the lateral and/or transverse directions) with respect to the
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subject. In some embodiments, the correction can be based on the fitting of a geometric
model of the arterial path (i.e. the line through the center of the artery) to the peaks (e.g.
maximum) of the spatial time profiles, and determining the correction from the deviation of
the model and the peaks in the spatial time profiles. The complexity of the geometric model
can depend on the number of profiles, with just two profiles, the model is a line, with three
profiles, the model is a parabola, etc.

As in the case of the scenario shown in Figure 4, feedback can be provided to
an operator of the ultrasound transducer based on the determined correction to the position.
The feedback can be provided in any suitable form using any suitable feedback means in user
interface 18.

For example, in some embodiments, the feedback can simply comprise an
indication that the orientation and/or position of the ultrasound transducer 12 is not correct, in
which case the operator can adjust the orientation and/or position of the ultrasound transducer
12 until the feedback indicates that the orientation and/or orientation is correct. The
indication can be a visual, aural and/or tactile indication, or a combination thereof.

In other embodiments, the feedback can be an indication of the translation of
the ultrasound transducer 12 with respect to the subject in the lateral and/or transverse
directions and/or an indication of the direction of the translation of the ultrasound transducer
12 in the lateral and/or transverse direction that is required to improve the alignment of the
probe with the artery (i.e. by reducing the distance between the axis 32 of the ultrasound
transducer 12 and the center line of the artery). Again, the indication can be a visual, aural
and/or tactile indication, or a combination thereof.

In some embodiments, which can be in addition to or alternatively to the
embodiments in which feedback is provided to the operator, the method can further comprise
determining a control signal (also referred to herein as a third control signal) for a position
actuator 20 for the ultrasound transducer 12 based on the determined correction to the
position. The position actuator 20 can then be controlled using the control signal to adjust the
position of the ultrasound transducer 12 with respect to the subject in the lateral and/or
transverse directions and thereby improve the alignment of the ultrasound transducer 12 with
the artery. It will be appreciated that where the actuator 20 can adjust both the angle of the
ultrasound transducer 12 and the position of the ultrasound transducer 12, the second and
third control signal can be the same signal.

Once the position of the ultrasound transducer 12 has been adjusted, either by

the operator in response to the operator feedback or by the position actuator 20, steps 101-
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105 can be repeated. If in step 105 it is determined that no correction is required to the
position of the ultrasound transducer 12, then one or more of the spatial time velocity profiles
determined in step 103 can be analyzed to determine the flow velocity of the blood in the
aorta 2, and/or any other cardiac parameter that can be derived from the flow velocity of the
blood, for example using an aortic flow model.

There is therefore provided a method and apparatus that can provide a reliable
measure of flow velocity and thus cardiac output.

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 drawings, the
disclosure and the appended claims. In the claims, the word "comprising” does not exclude
other elements or steps, and the indefinite article "a" or "an" does not exclude a plurality. A
single processor or other unit may fulfil 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. A computer
program may be stored/distributed on a suitable medium, such as an optical storage medium
or a solid-state medium supplied together with or as part of other hardware, but may also be
distributed in other forms, such as via the Internet or other wired or wireless
telecommunication systems. Any reference signs in the claims should not be construed as

limiting the scope.
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CLAIMS:

1. A method of improving a measurement of the flow velocity of blood in a
blood vessel of a subject, the method comprising:

using an ultrasound transducer to emit an ultrasound beam to measure flow
velocity in a part of a body of the subject;

forming a spatial time velocity profile for the part of the body from the
measured flow velocity; and

analyzing the spatial time velocity profile to determine a correction to the
angle of the ultrasound beam with respect to the subject, the correction being based on a
difference between the position of a peak in the spatial time velocity profile and the center of

the spatial time velocity profile.

2. A method as claimed in claim 1, wherein the method further comprises the
step of:
providing feedback to an operator of the ultrasound transducer based on the

determined correction to the angle.

3. A method as claimed in claim 1 or 2, wherein the method further comprises
the steps of:

determining a first control signal for the ultrasound transducer based on the
determined correction to the angle; and

adjusting the direction of the ultrasound beam emitted by the ultrasound
transducer according to the determined first control signal such that the position of the peak
in the spatial time velocity profile is in, or nearer to, the center of the spatial time velocity

profile.

4, A method as claimed in claim 1, 2 or 3, wherein the method further comprises
the step of:
determining a second control signal for an orientation actuator for the

ultrasound transducer based on the determined correction to the angle, wherein the



10

15

20

25

30

WO 2017/162802 PCT/EP2017/056951
18

orientation actuator is capable of adjusting the orientation of the ultrasound transducer with

respect to the subject.

5. A method as claimed in any of claims 1-4, wherein the method further
comprises the step of:
determining a correction to a value of a flow velocity in the spatial time

velocity profile based on the determined correction to the angle.

6. A method as claimed in any of claims 1-5, wherein:

the step of using an ultrasound transducer comprises using the ultrasound
transducer to measure flow velocity at a plurality of depths in the part of the body;

the step of forming a spatial time velocity profile comprises forming a
respective spatial time velocity profile for each of the plurality of depths, each spatial time
velocity profile being formed from the measured flow velocity at the respective depth; and

the step of analyzing the spatial time velocity profile to determine a correction
to the angle of the ultrasound beam comprises analyzing one or more of the plurality of

spatial time velocity profiles to determine the correction to the angle of the ultrasound beam.

7. A method as claimed in claim 6, wherein the method further comprises the
step of:
analyzing the spatial time velocity profiles to determine a correction to the

position of the ultrasound transducer with respect to the subject.

8. A method as claimed in claim 7, wherein the method further comprises the
step of:

determining a third control signal for a position actuator for the ultrasound
transducer based on the determined correction to the position, wherein the position actuator is

capable of adjusting the position of the ultrasound transducer with respect to the subject.

9. A computer program product comprising a computer readable medium having
computer readable code embodied therein, the computer readable code being configured such
that, on execution by a suitable computer or processor, the computer or processor is caused to

perform the method of any of claims 1-8.
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10. An apparatus for measuring flow velocity of blood in a blood vessel of a
subject, the apparatus comprising:
a control unit that is configured to:

obtain measurements of flow velocity in a part of a body of the
subject, wherein the measurements are made using an ultrasound transducer that emits an
ultrasound beam:;

form a spatial time velocity profile for the part of the body from the
measured flow velocity; and

analyze the spatial time velocity profile to determine a correction to
the angle of the ultrasound beam with respect to the subject, the correction being based on a
difference between the position of a peak in the spatial time velocity profile and the center of

the spatial time velocity profile.

11. An apparatus as claimed in claim 10, wherein the control unit is further
configured to:

determine a first control signal for the ultrasound transducer based on the
determined correction to the angle; and

output the first control signal for adjusting the direction of the ultrasound
beam emitted by the ultrasound transducer such that the position of the peak in the spatial

time velocity profile is in, or nearer to, the center of the spatial time velocity profile.

12. An apparatus as claimed in claim 10 or 11, wherein the control unit is further
configured to:

determine a second control signal for an orientation actuator for the ultrasound
transducer based on the determined correction to the angle, wherein the orientation actuator is

capable of adjusting the orientation of the ultrasound transducer with respect to the subject.

13. An apparatus as claimed in any of claims 10-12, wherein:

the measurements of the flow velocity are indicative of flow velocity at a
plurality of depths in the part of the body;

the control unit is configured to form a respective spatial time velocity profile
for each of the plurality of depths, each spatial time velocity profile being formed from the
measured flow velocity at the respective depth; and

the control unit is configured to analyze the spatial time velocity profile to
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determine a correction to the angle of the ultrasound beam by analyzing one or more of the
plurality of spatial time velocity profiles to determine a correction to the angle of the

ultrasound beam.

14. An apparatus as claimed in claim 13, wherein the control unit is further
configured to:
analyze the spatial time velocity profiles to determine a correction to the

position of the ultrasound transducer with respect to the subject.

15. An apparatus as claimed in claim 14, wherein the control unit is further
configured to:

determine a third control signal for a position actuator for the ultrasound
transducer based on the determined correction to the position, wherein the position actuator is

capable of adjusting the position of the ultrasound transducer with respect to the subject.

16. An apparatus as claimed in any of claims 10-15, wherein the apparatus further

comprises an ultrasound transducer for emitting the ultrasound beam.
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