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7) ABSTRACT

A probe device is presented for use in an ultrasound-based
measurement device for blood flow measurements in a
patient’s body. The probe comprises a housing containing a
transducer arrangement. An outer surface of the housing, by
which the probe is brought to a measurement location in the
patient’s body, is patterned so as to have at least one
projecting portion. The design of the probe enables correct
orientation of the transducers with respect to a blood vessel
under measurements. The probe device is associated with an
operation means for operating the probe, and an indication
means for generating output data indicative of measurement
results, which are incorporated in a common housing of a
hand-held measurement device.
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ULTRASONIC TRANSDUCER PROBE AND A
MEASUREMENT DEVICE UTILIZING THE SAME

Background of Invention

[0001] The invention is generally in the field of ultrasound
measurement techniques, and relates to an ultrasonic trans-
ducer probe for measuring the biological fluid flow within a
vessel, and a measurement device utilizing such a probe. The
invention is particularly useful for Doppler-based blood flow
measurement and the determination of associated hemody-
namic parameters.

[0002] Ultrasonic probes are typically used for non-inva-
sive measurements. When dealing with moving objects,
such as blood in a patient’s body, Doppler-based measure-
ment techniques are typically used. These measurement
techniques are generally of two types, utilizing, respectively,
continuous and pulse transmission of ultrasonic waves.

[0003] US Patent No. 4,370,985 discloses a Doppler based
ultrasound probe device for measuring blood flow rate and
blood vessel diameter utilizing the continuous transmission
of ultrasonic waves.

[0004] EP 0150672 discloses a process and device for
determining the velocity and rate of flow of a fluid in a pipe
by using a Doppler echographic method. Here, two mutually
attached wave-train transmitter-receiver units are used and
oriented with respect to a pipe such that the axis of one of
the units is perpendicular to the axis of the pipe.

[0005] US Patent 4,103,679 discloses a Doppler based
ultrasound system for blood flow measurement in a blood
vessel. In this system, an ultrasound transducer array is used,
being disposed relative to the blood vessel’s longitudinal
axis such that a pulse wave ultrasound beam emanating
therefrom intercepts the blood vessel’s longitudinal axis at a
variable beam inclination angle ©. By this, blood flow can
be quantitatively measured, independent of the beam incli-
nation angle.

[0006] Other pulse-transmission based techniques are dis-
closed in the following publications: "New, Angle-indepen-
dent, Low-Cost Doppler System to Measure Blood Flow" by
M. Skladany et al., The American Journal of Surgery,
Volume 176, August 1998, pgs. 179 - 182; and WO
97/24986.

[0007] Another technique based on the transmission of
pulses of two ultrasound waves aimed at determining blood
velocity is disclosed in WO 97/24986. This technique is
based on the zero-crossing method for frequency measure-
ment of Doppler shifts and the use of FM modulated or pulse
signals with range clipping for localizing velocity measure-
ments.

Summary of Invention

[0008] There is a need in the art to facilitate ultrasonic-
based blood flow measurements by providing a novel probe
device and a measuring device using the same.

[0009] The main idea of the present invention consists of
providing a probe device of a specific design, which assists
in orienting the probe device with respect to the blood vessel
under measurement and in operating the probe device during
measurement, and facilitates access of the ultrasound radia-
tion to the blood vessel under measurement.
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[0010] An ultrasonic probe device according to the inven-
tion is characterized by that an outer surface of the device,
by which it is brought into contact with the patient’s body,
is patterned so as to have at least one projecting portion. A
single tip-like projecting portion may be provided. This
enables to manipulate the probe with respect to the patient’s
body so as to displace a muscle above the blood vessel,
thereby minimizing ultrasound signal attenuation during
measurements, and also to bring the transducer arrangement
closer to the blood vessel.

[0011] The pattern may be in the form of two spaced-apart
projections defining a recess (groove) therebetween. By
using such a probe for measurements during a surgical
operation (i.e., in a direct contact with a blood vessel under
measurements), the blood vessel may be located within the
recess, thereby stabilizing the measurements. The provision
of such a recess-containing pattern also facilitates non-
invasive measurements, for example, for dialysis grafts.

[0012] The probe device may have a housing of a single-
part design, or of a two-part design. In the case of the
two-part design, one part is removably mountable onto the
other part, and the pattern is formed on an outer surface of
the removable part (by which the probe is brought into
contact with the patient’s body). When the projection-recess
pattern is made on the outer surface of the removable part of
the housing, this part actually presents an adapter between
the probe and the blood vessel. Various adapters with
various pattern dimensions may be prepared, thereby
enabling to select a suitable one to be mounted onto the
transducers containing part of the housing.

[0013] A measurement device according to the invention
for ultrasound-based blood flow measurements is character-
ized by that a probe unit and a control unit of the device are
located adjacent to each other, the device thereby being a
portable hand-held measurement device. Preferably, the
probe unit and the control unit are incorporated in a common
housing, e.g., shaped so as to be held like a pen. The control
unit comprises probe operation means and indication means
for generating signals indicative of the measurement results.
The control unit may comprise a display, and/or a data
processing and analyzing utility. Alternatively, or addition-
ally, the measurement device is connectable to an external
unit, having a display and/or such a data processing and
analyzing utility. This design of the measurement device
aids a user (physician) in monitoring and analyzing data
during the measurements, and, if the above design of the
probe is used, in orienting the probe along the longitudinal
axis of the blood vessel under measurements.

[0014] There is thus provided, according to one aspect of
the present invention, a probe device for use in an ultrasound
measurement device, the probe device comprising a housing
containing a transducer arrangement, an outer surface of the
housing, by which it is brought into contact with the
patient’s body during operation, being patterned so as to
have at least one projecting portion.

[0015] Preferably, the transducer arrangement comprises
two transducers, each operating in transmitting and receiv-
ing modes. The transducers are preferably oriented with
respect to each other such that first and second ultrasound
beams produced by the first and second transducers, respec-
tively, propagate along first and second beam propagation
axes intersecting at a certain acute angle. Preferably, during
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the measurements, the probe is desirably positioned with
respect to the blood vessel, such that each of the beam
propagation axes intercepts the longitudinal axis of the
blood vessel. This can be implemented by displacing the
transducers with respect to the blood vessel, and performing
preliminary measurements of the blood vessel diameter.

[0016] According to another aspect of the present inven-
tion, there is provided an ultrasonic transducer probe device
for use in a measurement device for blood flow measure-
ments in a patient’s body, wherein:

[0017] - the probe device comprises a housing containing
a transducer arrangement;

[0018] - an outer surface of the housing, by which it is
brought to a measurement location in the patient’s body, is
patterned so as to have at least one projecting portion;

[0019] - said transducer arrangement comprises first and
second ultrasonic transducers, each operable in transmitting
and receiving modes, the first and second transducers being
oriented with respect to each other such that first and second
ultrasound beams produced by the first and second trans-
ducers, respectively, propagate along first and second beam
propagation axes intersecting at a certain acute angle.

[0020] According to yet another aspect of the present
invention, there is provided an ultrasonic transducer probe
device for use in a measurement device for non-invasive
blood flow measurements in a patient’s body, wherein:

[0021] - the probe device comprises a housing containing
a transducer arrangement;

[0022] - an outer surface of the housing, by which the
probe is brought into contact with the patient’s body, is
patterned so as to have a projecting tip-like portion, which,
during manipulation of the probe with respect to the
patient’s body, enables to displace a muscle above a blood
vessel under measurements.

[0023] According to yet another aspect of the present
invention, there is provided an ultrasonic transducer probe
device for use in a measurement device for non-invasive
blood flow measurements in a patient’s body, wherein:

[0024] - the probe comprises a housing containing a
transducer arrangement;

[0025] - an outer surface of the housing, by which the
probe is brought into contact with the patient’s body, is
patterned so as to have a projecting tip-like portion, which,
during manipulation of the probe device with respect to the
patient’s body, enables to displace a muscle above a blood
vessel under measurements;

[0026] - the transducer arrangement comprises first and
second ultrasound transducers, each operable in transmitting
and receiving modes, the first and second transducers being
oriented with respect to each other such that first and second
ultrasound beams produced by the first and second trans-
ducers, respectively, propagate along first and second beam
propagation axes intersecting at a certain acute angle;

[0027] According to yet another aspect of the present
invention, there is provided a probe device for use in an
ultrasound measurement device for measuring a blood flow
condition in a patient’s blood vessel, wherein:
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[0028] - the probe comprises a housing containing a
transducer arrangement;

[0029] - the housing is composed of first and second parts,
the second part being removably mountable onto the first
part, an outer surface of said second part, by which the probe
is brought into contact with the blood vessel during mea-
surements, having a pattern defining a recess for locating the
blood vessel therein.

[0030] According to yet another aspect of the present
invention, there is provided a probe device for use in an
ultrasound measurement device for measuring a blood flow
condition in a patient’s blood vessel, wherein:

[0031] - the probe comprises a housing containing a
transducer arrangement;

[0032] - the housing is composed of first and second parts,
the second part being removably mountable onto the first
part, an outer surface of said second part, by which the probe
is brought into contact with the blood vessel during mea-
surements, having a pattern defining a recess for locating the
blood vessel therein;

[0033] - said transducer arrangement comprises first and
second ultrasonic transducers, each operable in transmitting
and receiving modes, the first and second transducers being
oriented with respect to each other such that first and second
ultrasound beams produced by the first and second trans-
ducers, respectively, propagate along first and second beam
propagation axes intersecting at a certain acute angle.

[0034] TIn a measurement device according to the inven-
tion, the probe device and a control unit are located adjacent
to each other, preferably being incorporated in a common
pen-like housing. The control unit comprises at least an
operation means for operating the probe device (including
user’s interface, e.g., keys, and electronic components), and
an indication means, and may also comprise a display and/or
data processing and analyzing utility. By this, a user (phy-
sician) can use the probe in the most convenient manner
(without a need to move his eyes away from the measure-
ment site).

[0035] Thus, according to yet another aspect of the present
invention, there is provided a hand-held measurement
device for ultrasound-based measurements of a blood flow
in a patient’s body, the device comprising an ultrasonic
transducer probe device and a control unit accommodated in
a common housing, the control unit comprising an operation
means for operating the probe and an indication means for
generating data indicative of measurement results.

[0036] A preferred measurement technique consists of the
following: once the probe is desirably positioned, measure-
ments are carried out consisting of insonating the blood
vessel with two pulse-wave ultrasound beams, in a manner
to substantially simultaneously (in comparison to the physi-
ological time scale) obtain multiple sample volumes at
successive coordinates (gates) along cach of the beam
propagation axes. In other words, for each of the beams, the
reflection amplitude with Doppler shifted frequency is mea-
sured as a function of sample volume position along the
ultrasound beam axis, and is represented in the sampled
form as an n-element vector where the i-th element is an
instantaneous value of reflection amplitude for a particular
gate. By applying the complex demodulation technique,
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which utilizes the synchronous multiplication of this real
vector of reflection amplitudes on two periodic functions
with 90°-shift in phase and with the frequency equal to that
of the transmitted radiation, and applying a low pass filter-
ing, the n-element vector of complex values (I & Q) for each
of the beam is obtained. By this, the central spectral fre-
quency of the complex vector is shifted from that of the
ultrasound pulse towards zero frequency. By repeating the
ultrasound pulses transmission/receiving procedure m times,
an n X m two-dimensional matrix E;; of reflection amplitude
values is obtained for each of the beams. Here, i is the gate
coordinate index (i=1, . . . ,n) and j is the time coordinate
index (j=1, . . . ,m). It should be understood that each of the
reflection amplitude values is complex and indicative of the
amplitude and the phase of the reflection at the respective
gate at a certain time. By processing and analyzing these
matrices (for two beams), the diameter of the blood vessel
can be calculated, as well as the dynamic characteristics of
the blood flow, such as Doppler shifts, inclination angles,
velocity, and velocity profile along the ultrasound beam.

Brief Description of Drawings

[0037] Inorder to understand the invention and to see how
it may be carried out in practice, a preferred embodiment
will now be described, by way of non-limiting example only,
with reference to the accompanying drawings, in which:

[0038] Fig. 1 schematically illustrates a measurement
device according to the invention for blood flow measure-
ments in a patient’s blood vessel;

[0039] Figs.2A and 2B illustrate a probe of the measure-
ment device of Fig. 1 applied to a blood vessel, showing two
different orientations of the probe, respectively, with respect
to the blood vessel;

[0040] Figs. 2C and 2D more specifically illustrate the
ultrasound beams’ propagation with respect to the longitu-
dinal axis of the blood vessel, when the probe is positioned
properly relative to the blood vessel, with the probe con-
figuration of Fig. 2B;

[0041] Fig. 3 illustrates the main constructional parts of a
control unit suitable to be used in the device of Fig. 1A;

[0042] Figs. 4A and 4B illustrate two examples of the
probe according to the invention;

[0043] Fig. 5 schematically illustrates the ultrasonic beam
propagation through the blood vessel according to a mea-
surement technique of the present invention; and

[0044] Figs. 6-9 and 10A-10C graphically illustrate the
measurement technique used in the present invention.

Detailed Description

[0045] Referring to Fig. 1, there is illustrated a measure-
ment device 710 according to the invention for blood flow
measurement in a blood vessel (e.g., carotid artery), and the
determination of associated hemodynamic parameters. The
measurement device 70 includes such main constructional
parts as an ultrasonic probe 72 located at a distal end 70A of
the device, and a control unit 74, which are incorporated in
a common housing 76. The housing 76 is shaped so as to be
held like a pen, so as to enable handling of the device by a
user (physician) during measurements.
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[0046] In the present example, the control unit 74 com-
prises a control panel 19 having operation keys 20 (e.g.,
press buttons) for operating the probe, an indication means
22 (which may be audio, e.g., beeper and/or visual, e.g.,
LEDs), a display 23 (for displaying the measurement
results), and corresponding electronic components, which
will be described more specifically with reference to Fig. 3.
The indication means serves for providing an indication of
the probe positioning during the measurements, as will be
described more specifically further below. The device 10 is
connectable to an external unit (not shown) including a data
processing and analyzing utility. Such an external unit may
be provided with a display (for displaying the measurement
results) accommodated so as to be viewed by the user. It
should be noted that, generally, the data processing and
analyzing utility may be partly or completely incorporated in
the hand-held device 0. The location of the control panel
adjacent to the probe facilitates the measurement procedure.

[0047] Referring to Figs. 2A and 2B, the patient’s blood
vessel 30 is schematically shown as a right cylindrical duct
through which blood flows in a direction denoted A. The
blood vessel 30 has a wall 32, a longitudinal axis 34, and a
diameter D. The probe 72 comprises a transducer arrange-
ment 7A mounted at the distal end 72A of the probe. The
transducer arrangement comprises a pair of ultrasound trans-
ducers 36 and 38 operated for transmitting and receiving a
pair of narrow pulse wave (PW) multi-gated ultrasound
beams B, and B, having a pair of ultrasound beam propa-
gation axes BA, and BA,, respectively. The transducers 36
and 38 are oriented with respect to each other so as to ensure
that the beam axes BA; and BA, intercept at an acute
intersection angle o

[0048] The preferred measurement technique is such that,
during the measurements, the transducers 36 and 38 are to
be oriented with respect to the blood vessel 30 so as to
ensure that each of the beams’ propagation axes BA; and
BA, crosses the longitudinal axis 34 of the blood vessel. This
means that the beams’ axes and the longitudinal axis of the
blood vessel lie in a common plane. This can be achieved by
appropriate displacement of the transducers with respect to
the blood vessel. To this end, the entire probe (i.e., the entire
device 10) can be manipulated. Alternatively, the construc-
tion may be such that one transducer is displaceable with
respect to the other, for example, utilizing a specific support
assembly disclosed in WO 00/28899 assigned to the
assignee of the present application.

[0049] 1In the example of Fig. 2A, the probe 72 has an
elongated shape. The transducers 36 and 38 are oriented
with respect to the blood vessel 30 such that the components
of their ultrasound wave vectors k; and k, along the vessel
axis 34 are of opposite signs, which means also the opposite
signs of Doppler shifts for beams B, and B,. For example,
if the configuration is such that the angle o between the
beam propagation axis is equal to 60° and the probe surface
(through which the ultrasound beam propagate towards the
blood vessel) is parallel to the vessel, then acute beam
inclination angles ©,; and ©, subtended by the ultrasound
beams B, and B,, respectively, with the longitudinal axis 34
of the blood vessel are: ©,=60° and ©,=120°. In the
example of Fig. 2B, the transducers are oriented such that
the components of their wave vectors k; and k, along the
vessel axis are of the same sign, and corresponding Doppler
shifts are negative for both beams.
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[0050] Each of the above two different transducer arrange-
ments provides additional flexibility for probe positioning,
and the most suitable one of them could be chosen by a
physician to meet the requirements of specific measurement
conditions. The use of the configuration of Fig. 2A is
preferred in the case when the blood vessel to be measured
is positioned directly under the probe tip. The use of the
configuration of Fig. 2B is preferred in the case when a
measurement location is shifted ahead from the probe tip,
and the access to the blood vessel is complicated by shad-
owing from a muscle or bone.

[0051] Asbetter seen in Figs.2C and 2D, the axes BA ; and
BA,, of the multi-gated ultrasound beams B, and B, intercept
at an acute intersection angle o, and intercept the longitu-
dinal axis 34 of the blood vessel at angles ®; and ©,. A
correct positioning of the transducers with respect to the
blood vessel is such that each of the intercepting beam
propagation axes BA; and BA, crosses the longitudinal axis
34 of the blood vessel. As indicated above, this may be
achieved by the manipulation of the entire device with
respect to the blood vessel (or displacement of one trans-
ducer with respect to the other) with simultaneous prelimi-
nary measurements of the blood vessel diameter. These
preliminary diameter measurements utilize an algorithm of
blood vessel boundary detection, which is the same for the
examples of Figs. 2A and 2B. The user manipulates the
probe, and when the correct positioning is obtained, a certain
indication signal is read from the device 0.

[0052] Thus, the ultrasound transducers 36 and 38 can be
moved together by manipulating the probe 72 to ensure that
the beam propagation axes BA; and BA, intercept the blood
vessel’s longitudinal axis 34. Turning back to Fig. 2B, there
is shown that, at such transducers’ positioning, the ultra-
sound beams B, and B, subtend the acute beam inclination
angles @, and ®, (where 0, = @, +), respectively, with the
longitudinal axis 34, and have beam portions B’ and B,’
(shown in dashed lines) of lengths L, and L,,respectively,
which transverse the blood vessel at diametrically opposite
portions of the vessel.

[0053] Turning now to Fig. 3, the control unit 74 com-
prises an ultrasound generator 40 for energizing the ultra-
sound transducers and a processor 44. As indicated above,
the processor 44 may be part of the external device. The
processor 44 includes an Analog unit 42 and a data process-
ing and analyzing utility 46. The Analog unit is operable for
signal amplification, complex demodulation and digitizing
at a predetermined number of sample volumes (SV; in Fig.
2C) along each of the ultrasound beams. The data processing
and analyzing utility 46 is operable for receiving and ana-
lyzing measured data and generating data indicative of flow
related information to be displayed on a display of the
external device or of the hand-held device 10. As shown, the
displayed data may include the following: the two values D,
and D, (related to the first and second beams, respectively);
a graph of the blood flow against time, i.c., F(T); a graph of
the blood velocity against time, i.c., V(T); a graph of the
blood vessel diameter against time, i.e., D(T); a graph G of
representative systolic and diastolic blood flow velocity
profiles; average blood flow value ABF over a cardiac cycle;
an index of blood vessel elasticity BVE over a cardiac cycle;
shear rate SR; and a time dependent distal resistance index
R (D).
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[0054] The values D; and D, are preferably diameters of
the vessel measured by two transducers. Alternatively, when
using another configuration, D; and D, could be the maxi-
mal values of velocities measured at the centers of the
respective beams’ intersections with the blood vessel, i.e.,
chords.. As shown in the present example of Fig. 3, the
indication means include an audio indication utility 48 (a
beeper) for issuing indication signals when the optimal
position of the probe is being reached, to thereby facilitate
the manual set-up of the measurement device.

[0055] For the best representation of the blood flow veloc-
ity as a function of time, a location of a corresponding gate
should be determined. This location is determined as the
center of the lengths (blood vessel’s chords) L; and L, for
the two beams, respectively. The technique of the present
invention allows for automatically defining the best location
for determining and displaying the time dependence of the
blood flow velocity, immediately after the determination of
the chords.

[0056] Reference is made to Figs. 4A-4C, wherein Fig. 4A
and Figs 4B-4C show, respectively, two examples of the
probe device according to the invention.

[0057] In the example of Fig. 4A, a probe device 50 has
a single-part elongated housing 52, the transducer arrange-
ment (transducers 36 and 38) being mounted inside the
housing at a distal end 524 thereof. An outer surface 54 of
the housing (at the distal end thereof), by which it is brought
into contact with the patient’s body, is patterned. The pattern
is in the form of a surface relief defining a projecting tip-like
portion 56. The provision of the tip-like portion 56 enables
to manipulate the probe so as to "displace” a muscle layer
above the blood vessel under measurements to thereby
minimize ultrasound signal attenuation during measure-
ments. This stabilizes the measurements and makes them
more accurate. As further shown in the figure, by locating
one transducer 36 within the projecting portion 56 and the
other transducer 38 within the substantially flat portion
perpendicular to the longitudinal axis of the housing, the
desired orientation of the propagation axes of ultrasound
beams (namely, to intercept with each other at a known
angle) is provided.

[0058] In the example of Figs. 4B-4C, a probe device 60
has a two-part housing 62, wherein the transducers 36 and
38 are mounted inside the first part 62A of the housing at a
distal end thereof, and the second part 62B of the housing
presents an adapter for adapting the probe to a specific blood
vessel to which measurements are to be applied. The second
part 62B is removably mountable onto the distal end of the
fist part 624, and has a patterned (surface relief) outer
surface 64, by which the probe is to be brought into contact
with the patient’s blood vessel. Here, the pattern is in the
form of two spaced-apart projections 66A and 66B defining
a recess 68 therebetween. When the probe 60 is put in
operation, a blood vessel is located in the recess 68. A set of
such adapters 628 can be prepared with different patterns,
namely, different sizes of the recess 68 (and, optionally,
different sizes of the projections 664 and 66B), thereby
allowing a user (physician) to select a suitable one of the
adapters to be mounted onto the housing part 624. The
location of the blood vessel under measurements within the
recess 68 stabilizes the measurements.

[0059] TItshould be noted, although not specifically shown,
that the transducers 36 and 38 may be accommodated inside
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the adapter-part 62B, the other part 624 serving as a holder
of the probe. However, by locating the transducers in the first
part 62, the second, adapter-like part 628, by which the
device contacts the patient’s body, may be disposable. This
design of the probe allows the user to quickly position the
probe such that the two beam propagation axes lie in the
common plane with the longitudinal axis of the blood vessel,
and that a desired angle between the beam propagation axes
and the blood vessel is provided.

[0060] The measurement device (70 in Fig. 1) operates in
the following manner. A user brings the device into contact
with the patient’s body, and puts it in operation by actuating
a corresponding key on the control panel. If measurements
are to be applied non-invasively, e.g., on the patient’s carotid
artery, femoral artery, etc., the probe design 50 (with a
tip-like projecting portion) is preferably used and is brought
into contact with the patient’s tissue adjacent to the artery.
The user manipulates the device to ensure that both ultra-
sound beams B, and B, transverse the blood vessel at
substantially but typically not diametrically opposite por-
tions of the vessel wall 32. The ultrasound generator 40
energizes the ultrasound transducers 36 and 38 to transmit
the pair of narrow PW ultrasound beams B, and B,. The
Analog unit 42 measures the Doppler frequency shift within
each of a discrete series of small sample volumes SV, along
each of the ultrasound beams B, and B,. The processor 44
detects that the probe is correctly positioned with respect to
the blood vessel and the beeper 48 generates an indication
signal. The processor 44 determines the initial beam cor-
rected chord lengths I, and L, (the same as vessel diameters
D, andD,) of the beam portions B;’ and B,” (as will be
described below with respect to the ultrasound beam B, only
for the sake of convenience) or central chord velocities, and
presents their values on the display (either of the device 10
or of the external device). The user may note the initial
values D; and D, to manipulate the device to "search” for
the maximum values D, and D,, which is indicative of that
the transducers are correctly positioned with respect to the
blood vessel, namely, the beam propagation axes BA; and
BA, cross the longitudinal axis of the vessel. Practically, the
user manipulates the device until the indication signal is
provided.

[0061] In the present example, the transducers are oper-
ated in a pulsed mode to obtain 220 gates along each
ultrasound beams B, and B,. The number of gates is a
parameter selected at the stage of system initialization and
depends on the resolution, central frequency and penetration
depth of ultrasound. Fig. 5 shows the propagation of the
ultrasound pulse along beam B, produced by the transducer
36, but it should be understood that the similar beam
propagation is simultaneously provided (in physiological
time scale) by the other transducer. Thus, the same number
of gates (220 gates in this specific example) along each of
the ultrasound beams can be divided into five distinct
regions as follows:

[0062] - a first region R, closest to the ultrasound trans-
ducer 36 and consisting of consecutive gates (1,85), which
are wholly exterior to the blood vessel,

[0063] - a second region R, consisting of consecutive
gates (86,90) which partially intercept the outermost surface
S, of the blood vessel’s wall 32 closest to the ultrasound
transducer 36;
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[0064] - a third region R, consisting of consecutive gates
(91,155) wholly within the blood vessel;

[0065] - a fourth region R, consisting of consecutive gates
(156,160) which partially intercept the innermost surface .S;
of the blood vessel’s wall 32 furthermost from the ultra-
sound transducer 36; and

[0066] - a fifth region R furthermost from the ultrasound
transducer 36 consisting of consecutive gates (161,220),
which are wholly exterior to the blood vessel.

[0067] What is actually measured is a chord length P of
the three intermediate regions R,, Ryand R,. This measured
chord length P is used for determining the beam corrected
chord length L according to the relationship: L. = P - Bftan
®, where B is the width of the ultrasound beam, and © is the
acute beam inclination angle subtended between the ultra-
sound beam axis B;A,; and the blood vessel’s longitudinal
axis 34.

[0068] Determination of the beam corrected chord length
L is in principle a two step process, consisting of the
following:

[0069] - calculation of a 220-component real vector of
time averaged amplitude values E; from a 220xm matrix of
complex reflections amplitude values E;; acquired over m
excitations of the ultrasound transducer 36, wherein m
defines the averaging time and could be adjusted with
respect to the noise level (m is preferably equal to
2% wherein k is integer, m=64 is a preferable default value);

[0070] nd - detection of the first and last gates along the
ultrasound beam B,, which intercept with the outermost
surface S, and the innermost surface S;of the blood vessel’s
wall 34, and which are respectively adjacent the ultrasound
transducer 36 and remote therefrom.

[0071] The calculation of the 220-component real vector
involves the high pass filtering of the columns of the 220x64
matrix of complex reflections amplitude values E;; along the
time coordinate (second matrix index) for removing spuri-
ous low frequency noise and reflections from unmovable
objects, and thereafter performing either frequency domain
operations or time domain operations. The high pass filtering
procedure is associated with the fact that the high frequency
signals are associated with moving objects, namely, blood
within the blood vessel, and therefore enables to define the
blood vessel walls.

[0072] The frequency domain operations include execut-
ing a complex Fast Fourier Transform (FFT) on the 220x64
two-dimensional matrix of reflection amplitudes E;;, sum-
ming the resulting complex spectral amplitudes I;; for each
column (j = 1, . . ., 64) of the 220x64 complex matrix I
resulting from the FFT according to the relationship:

DN Ui + Ulipege?

J=1

and repeating the summation operation for each gate (i =
1, ..., 220) along the ultrasound beam B, so as to
obtain a vector of 220 energy values E; shown graphically
in Fig. 6.



US 2003/0018262 Al

[0073] The time domain operations include summing the
real amplitudes’ values E;; for each column (j = 1, .., 64) of
the 220x64 matrix of complex reflections amplitude values
E; according to the relationship:

n
D N Eilpeat? + Elg,
J=1

and repeating the summation operation for each gate (i =
1, ..., 220) along the ultrasound beam B; so as to
obtain the 220-component vector of time averaged reflec-
tion amplitude values E;. Alternatively, either the real part
only or the imaginary part only of the matrix E;; for each
column (j = 1, .., 64) of the 220x64 two-dimensional
matrix E; can be summed.

[0074] On the basis of the vector of 220 values E;, two
approachescan be employed for determining the measured
chord length P as follows: parametric estimation involving
the detection of the first and last parabolic like portions
along the vector E;, or, alternatively, thresholding tech-
niques. Parametric estimation is carried out by examining
consecutive groups of 20 consecutive gates along the ultra-
sound beam B, thereby specifying 200 consecutive groups
therealong, and includes the following steps: calculating the
cocfficients a, b and c of the equation:

y:a+bE;+cEEZ

for 200 groups of consecutive gates (i, i+20) fori = 1 to
200; calculating an identification value T, of the inner-
most boundary (leftmost in the figure) according to the
relationship:

C

Vi@ r )

T=

for each group of 20 consecutive gates; and determining
the group of consecutive gates, denoted G, closest to the
ultrasound transducer 36 which has the maximum T,
value of the 200 T,.g values (see Fig. 6). Of this group of
consecutive gates G, the outermost surface S, of the
blood vessel’s wall 34 is assumed to be the group’s first
gate closest to the ultrasound transducer 36 which, in this
specific example, is the gate 85 bordering between the
regions R, and R,. These steps are then repeated for the
gates along the ultrasound beam B, in the reverse direc-
tion for determining the group of consecutive gates with
the maximum outermost boundary (rightmost in Fig. 6)
identification value T, which are again 200 T, val-
ues denoted G (see Fig. 6). Of this group of consecutive
gates Gy, the innermost surface .S; of the blood vessel’s
wall 34 is assumed to be the group’s last gate furthermost
from the ultrasound transducer 36 which, in this example,
is the gate 165 bordering between the regions R, and Rs.

[0075] One thresholding algorithm involves selecting all
gates along the ultrasound beam B, (and along the other
beam as well) which satisfy the conditions E;= AADTE and
E.Z AATE where the value of the so-called "average abso-
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lute derivative threshold energy” (AADTE) of the vector of
220 values E; is calculated according to the relationship:

1 n
AADTE = ~ 21 |Eirs — Eil
=

and the value of the so-called "average amplitude thresh-
old energy” (AATE) of the vector of 220 values E; is cal-
culated according to the relationship:

mean of E; values+ median of E; values

AATE =
2

graphically shows the gates along the ultrasound beam B,
whose derivative energy values exceed the value of an
AADTE parameter. Fig. 8 graphically shows the gates
along the ultrasound beam B, whose energy values E;
exceed the value of an AATE parameter.

[0076] This approach may render so-called multiple
humped graphs ostensibly, indicating the presence of several
phantom blood vessels. As shown in Fig. 9, a pair of such
phantom blood vessels V; and V, must be necessarily
combined to render a single blood vessel. This can be
achieved by the following algorithm:

[0077] - generating a g single dimension vector Kof all the
gates (i =1 to 220) along the ultrasound beam whose energy
value E; satisfies the conditions E;Z AADTE and E;2
AATE;

[0078]

1&
Average DK = EZ DK,
=l

- generating a 4 single dimension vector DK where DK,
=K., -Kforh=1tog;

[0079] - calculating the parameter Average DK according
to the relationship:

[0080] - determining the innermost region of gates which
satisfies the condition DK, /2 Z Average DK, and specifying
that the innermost gate of the innermost region is the
outermost surface S,; and

[0081] - determining the outermost region of gates which
satisfies the condition DK, /2 Z Average DK, and specifying
that the rightmost gate of the rightmost region is the inner-
most surface S;.

[0082] For example, for a vector DK, = [1,1,1,1,1,1,3,1,
1,4,1,1,1,1], Average DK = 19/14, the so-called innermost
region is where DK = 3, the so-called outermost region is
where DK = 4, the innermost gate of the innermost region
DK = 3 is the outermost surface S,, and the outermost gate
of the outermost region DK = 4 is the innermost surface Sy.

[0083] Figs. 10A-10C illustrate the principles of another
algorithm for boundary detection relating to the threshold
technique, which involves analysis of the first and second
derivatives DE; and DDE; (Figs. 10B and 10C) of a function
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E(i) (shown in Fig. 10A) along the ultrasound beam. The
dependence of the module of reflection signal on the gate
coordinate, which is represented by the vector E;, can be
considered as a function of the reflection amplitude values
E(i) along the beam (gates), i.e., E(i). The behavior of this
function is irregular due to interference effects. To smooth
the function E(i), the low passed filter is implemented. The
smoothness of a signal can be also improved by additional
averaging of E(i) on time, meaning that several vectors E;
measured at successive moments of time are summed. The
number of averaging defines the time interval during which
the values E[, and then the values of the chord L and
diameter D, are calculated. This time interval can include
one or several cardiocycles, or some particular time interval
inside the cardiocycle, preferably systole or diastole. The
corresponding chord value or vessel diameter for these cases
will represent the averaged values for one cardiocycle or
specifically systolic and diastolic values. In the example of
Fig. 10A, the function E(i) is averaged on one cardiocycle,
and then filtered.

[0084] To find the blood vessel boundaries, the algorithm
first narrows the searching area. To this end, the initial and
ending 10 gates are disregarded from consideration, because
the values of function E(i) in these regions are changed by
transient filter characteristics. For the innermost boundary,
the algorithm defines the far limit of the searching area FIB
as the gate number correspondent to the global maximum of
the function E(i).

[0085] Then, the algorithm searches the last minimum of
the function E(i), which is designated MIB in Figs. 10A and
10B and which satisfies the following condition: DE(i-1)<=
O0DE(i)>0, where i=10, ..., FIB. The innermost vessel bound-
ary position is determined as the maximum of the second
derivative DDE(i) within the interval i=MIB, . . . , FIB. As
for the outermost boundary, the searching area is started
from the global minimum of the second derivative DE(Y),
where i>FIB, and is ended at the gate number 210. The
outermost boundary position is determined as the maximum
of the second derivative DDE(i) of the function E(i), where
FIB<i< 210.

[0086] When the probe is correctly positioned with respect
to the blood vessel, the processor 44 determines the beam
inclination angles ©, and ©, using the conventional Doppler
equation, on the assumption that an identical peak or average
blood velocity is measured along both of the two ultrasound
beams B, and B,. Thereafter, based on the assumption that
the blood wvessel in the region of insonation has a circular
cross section which changes in a radial fashion, the proces-
sor 44 continuously calculates the blood vessel’s diameters
D, and D, for the two ultrasound beams B, and B,,
respectively, according to the relationship: D; = L;sin®; and
D, = L,sin®,, and averages the results to be presented on the
display 22. By this, the center of the blood vessel, and
therefore the profile of the velocity in this central region, can
be determined. Based on this measurement, the processor 44
calculates the blood flow measurement as the product of A
and v, ,, where A is the blood vessel cross section area and

avg?
Voo IS t%le average blood flow speed. Alternatively, as shown
in Fig. 11, the blood flow rate can be calculated by the
integration algorithm as 2A;v;, where A, is the semi-annular
cross sectional area associated with a sample volume SV,
and v; is the measured blood flow speed at a particular

i

sample volume SV,.
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[0087] Finally, the processor 44 determines other blood
flow information to be displayed as follows:

[0088] - A time dependent distal resistance Rs(t) is deter-
mined according to the relationship:

Pr
Rs(t) = %

where Pr(t) is the time dependent arterial blood pressure
Pr; and F(t) is the instantaneous blood flow.

[0089] - a shear rate at the outermost surface .S, and the
innermost surface S; of the blood vessels wall 34 with
respect to the ultrasound probe is determined according to
the relationship:

dv D=0,and D
%at =0, an X

[0090] - the blood vessel elasticity index is determined
according to the relationship:

Ds— Dy
Dy

where D, is the blood vessel diameter at peak systole, and
D is the blood vessel diameter at diastole.

[0091] Those skilled in the art will readily appreciate that
various modifications and changes can be applied to the
embodiments of the invention as herein before exemplified
without departing from its scope defined in and by the
appended claims.

Claims

1. A probe device for use in an ultrasound measurement
device, the probe device comprising a housing containing a
transducer arrangement, an outer surface of the housing, by
which the probe is brought into contact with the patient’s
body during measurements, being patterned so as to have at
least one projecting portion.

2. The device according to Claim 1, wherein the pattern
on the outer surface of the housing is in the form of a tip-like
projection, which, during manipulation of the probe with
respect to the patient’s body, enables to displace a muscle
layer in the patient’s body above a blood vessel under
measurements.

3. The device according to Claim 1, wherein the pattern
is in the form of two spaced-apart projections defining a
recess therebetween, thereby enabling to locate a measure-
ment location in a patient’s blood vessel inside said recess.

4. The device according to Claim 3, wherein a size of said
recess is defined by a diameter of the blood vessel under
measurements.

5. The device according to Claim 1, wherein the housing
is a single-part unit with the patterned outer surface thereof.

6. The device according to Claim 1, wherein the housing
has a two-part design comprising first and second parts, the
second part being removably mountable onto the first part of
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the housing, the patterned outer surface of the housing being
an outer surface of said second part.

7. The device according to Claim 6, wherein said trans-
ducer arrangement is mounted in the first part of the housing.

8. The device according to Claim 1, wherein the trans-
ducer arrangement comprises first and second ultrasound
transducers, each operable in transmitting and receiving
modes, the first and second transducers being oriented with
respect to each other such that first and second ultrasound
beams produced by the first and second transducers, respec-
tively, propagate along first and second beam propagation
axes intersecting at a certain acute angle.

9. An ultrasonic transducer probe device for use in a
measurement device for blood flow measurements in a
patient’s body, wherein:

- the probe device comprises a housing containing a
transducer arrangement;

- an outer surface of the housing, by which the probe
device is brought to a measurement location in the
patient’s body, is patterned so as to have at least one
projecting portion;

- said transducer arrangement comprises first and second
ultrasound transducers, each operable in transmitting
and receiving modes, the first and second transducers
being oriented with respect to each other such that first
and second ultrasound beams produced by the first and
second transducers, respectively, propagate along first
and second beam propagation axes intersecting at a
certain acute angle.

10. The device according to Claim 9, wherein the pattern
on the outer surface of the housing is in the form of a tip-like
projection, manipulation of the probe with respect to the
patient’s body enabling to displace a muscle layer above the
blood vessel.

11. The device according to Claim 9, wherein the pattern
is in the form of two spaced-apart projections defining a
recess therebetween, thereby enabling to locate a measure-
ment location in a patient’s blood vessel inside said recess.

12. The device according to Claim 11, wherein a size of
said recess is defined by a diameter of the blood vessel under
measurements.

13. The device according to Claim 9, wherein the housing
is a single-part unit with the patterned outer surface thereof.

14. The device according to Claim 9, wherein the housing
has a two-part design comprising first and second parts, the
second part being removably mountable onto the first part of
the housing, the patterned outer surface of the housing being
an outer surface of said second part.

15. The device according to Claim 13, wherein said first
and second transducers are mounted inside the first part of
the housing.

16. An ultrasonic transducer probe device for use in a
measurement device for non-invasive blood flow measure-
ments in a patient’s body, wherein:

- the probe comprises a housing containing a transducer
arrangement;

- an outer surface of the housing, by which the probe is
brought into contact with the patient’s body, is pat-
terned so as to have a projecting tip-like portion,
manipulation of the probe with respect to the patient’s
body enabling to bring the transducer arrangement
nearer to the measurement location.
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17. An ultrasonic transducer probe device for use in a
measurement device for non-invasive blood flow measure-
ments in a patient’s body, wherein:

- the probe comprises a housing containing a transducer
arrangement;

- an outer surface of the housing, by which the probe is
brought into contact with the patient’s body, is pat-
terned so as to have a projecting tip-like portion,
manipulation of the probe with respect to the patient’s
body enabling to displace a muscle layer above the
measurement location;

- the transducer arrangement comprises first and second
ultrasound transducers, each operable in transmitting
and receiving modes, the first and second transducers
being oriented with respect to each other such that first
and second ultrasound beams produced by the first and
second transducers, respectively, propagate along first
and second beam propagation axes intersecting at a
certain acute angle.

18. A probe device for use in an ultrasound measurement

device for measuring a blood flow condition in a patient’s
blood vessel, wherein:

- the probe comprises a housing containing a transducer
arrangement;

- the housing is composed of first and second parts, the
second part being removably mountable onto the first
part, an outer surface of said second part, by which the
probe is brought into contact with the blood vessel
during measurements, having a pattern defining a
recess for locating the blood vessel therein.

19. The device according to Claim 18, wherein said
transducer arrangement is mounted in the first part of the
housing.

20. A probe device for use in an ultrasound measurement
device for measuring a blood flow condition in a patient’s
blood vessel, wherein:

- the probe comprises a housing containing a transducer
arrangement;

- the housing is composed of first and second parts, the
second part being removably mountable onto the first
part, an outer surface of said second part, by which the
probe is brought into contact with the blood vessel
during measurements, having a pattern defining a
recess for locating the blood vessel therein;

- said transducer arrangement comprises first and second
ultrasonic transducers, each operable in transmitting
and receiving modes, the first and second transducers
being oriented with respect to each other such that first
and second ultrasound beams produced by the first and
second transducers, respectively, propagate along first
and second beam propagation axes intersecting at a
certain acute angle.

21. The device according to Claim 20, wherein said first
and second ultrasound transducers are mounted in the first
part of the housing.

22. Ahand-held measurement device for ultrasound-based
measurements of a blood flow in a patient’s body, the
measurement device utilizing the probe device constructed
according to Claim 1, and comprising a control unit con-
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nectable to the probe device, the probe device and the
control unit being mounted in a common housing.

23. The device according to Claim 22, wherein said
control unit comprises an operation means for operating the
probe during measurements, and an means for generating
output data indicative of measurement results.

24. The device according to Claim 22, wherein said probe
device comprises a transducer arrangement including first
and second ultrasonic transducers, each operable in trans-
mitting and receiving modes, the first and second transduc-
ers being oriented with respect to each other such that first
and second ultrasound beams produced by the first and
second transducers, respectively, propagate along first and
second beam propagation axes intersecting at a certain acute
angle.

25. The device according to Claim 24, wherein the
measurements results are representative of a blood flow
velocity waveform, determined by means of determination
of chord values of the two beams and determination of a
center of the chord.

26. The device according to Claim 22, wherein said
housing carrying the probe device and the control unit is
shaped so as to be handled like a pen by a user during
measurements.
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27. Ahand-held measurement device for ultrasound-based
measurements of a blood flow in a patient’s body, the device
comprising an ultrasonic transducer probe and a control unit
mounted in a common housing, the control unit comprising
an operation means for operating the probe and an indication
means for generating output data indicative of measurement
results.

28. The device according to Claim 27, wherein said probe
comprises a transducer arrangement including first and
second ultrasonic transducers, each operable in transmitting
and receiving modes, the first and second transducers being
oriented with respect to each other such that first and second
ultrasound beams produced by the first and second trans-
ducers, respectively, propagate along first and second beam
propagation axes intersecting at a certain acute angle.

29. The device according to Claim 28, wherein the
measurements results are representative of a blood flow
velocity waveform, determined by means of determination
of chord values of the two beams and determination of a
center of the chord.
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