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(57) Abstract: A blood flow measurement system for measuring a blood flow quantity such as flow velocity or flow volume inside
a blood vessel includes an intravascular blood flow measurement device with a body that comprises an expandable body section. A
control unit sequentially provides a size control signal indicative of a respective one of the at least two predetermined expandable sizes
to be assumed by the expandable body section. A pressure sensor unit measures respective sequences of blood pressure signals over a
measuring time span defined with respect to a heart cycle period. A flow determination unit uses the values of cross sectional area of
the expandable body section, the associated pressure signals and a known value of a density of blood, to calculate a value ot a blood
O flow quantity inside the blood vessel based on Bernoulli's law.
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INTRAVASCULAR BLOOD FLOW MEASUREMENT USING DIFFERENTIAL
PRESSURE PRINCIPLE AND AN EXPANDING FLOW SENSOR

FIELD OF THE INVENTION

The present invention relates to an intravascular blood flow measurement
device, to a blood flow measurement system, to a method for controlling operation of an
intravascular blood flow measurement device, to a method for determination of a blood flow

quantity inside a blood vessel of a living being and to a computer program.

BACKGROUND OF THE INVENTION

Intravascular flow measurements find important clinical applications in
cardiology and in medical examinations of peripheral arteries. Measuring coronary flow
reserve (CFR) is a recognized way to determine whether a stenosis in coronary arteries is
flow limiting. CFR involves measuring flow in a stenosed artery at rest and during
hyperemia. Flow measurements are considered particularly suitable to characterize a stenosis.
However, measuring flow is challenging compared to measuring pressure. For example,
Doppler ultrasound measurements require a precise and time-consuming placement of the
sensor wire in the blood vessel.

US 2015/0313478 Al describes computer-based methods, devices, and
systems suitable for performing intravascular data analysis and measurement of various types
of data such as pressure and flow data. The disclosure relates to probes and methods suitable
for determining an event in a cardiac cycle such as flow threshold, such as a peak flow, a
fraction thereof, other intravascular parameters or a point in time during which peak flow or a
change in one of the parameters occurs. A probe includes one or more of a pressure sensor, a
resistor, a flow sensor and can be used to generate diagnostic data based upon measured
intravascular and other parameters. Methods and systems suitable for determining a coronary
flow reserve value in response to one or more of intravascular pressure and flow data or data

otherwise correlated therewith are described.
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SUMMARY OF THE INVENTION

It is an object of the present invention to provide a simpler and thus more cost
effective alternative to existing intravascular blood flow measurement devices for
determining a flow rate of blood inside a blood vessel.

According to a first aspect of the present invention, an intravascular blood
flow measurement device is provided. The intravascular blood flow measurement device
comprises:

- a body suitable for placement inside a blood vessel of a living being and
extending along a longitudinal direction;

- an expandable body section of the body, having a longitudinal extension in the
longitudinal direction, and a cross-sectional area perpendicular to the longitudinal direction
that is gradually changing in longitudinal direction and that is controllably and reversibly
expandable to assume a respective one of at least two different predetermined expanded sizes
associated with at least two respective values of an expanded cross sectional area of the
expandable body section;

- a controllable actuator arranged and configured to set the expandable body
section to one of the at least two sizes; and

- a pressure sensor unit comprising at least one pressure sensor arranged on the
body within the longitudinal extension of the expandable body section, the pressure sensor
unit being configured to provide, for each of at least three values of cross sectional area of the
body, including the at least two values of the expanded cross-sectional area of the expandable
body section, a respective sequence of pressure signals indicative of a pressure of blood flow
in the blood vessel over a predetermined measuring time span defined with respect to a heart
cycle period.

The intravascular blood flow measurement device of the first aspect of the
present invention implements a novel way to measure intravascular blood flow involving a
measurement of a drop in pressure inside an artificial variable stenosis. The expandable body
section of the body having variable, but known cross-sections acts as a variable choke. The
pressure sensor unit with at least one pressure sensor arranged on the body inside the choke
area, that is, within the longitudinal extension of the expandable body section, measures the
blood pressure over a predetermined measuring time span defined with respect to a heart
cycle period. The pressure measurement is performed for each of at least three values of cross
sectional area of the body. These at least three values include the at least two values of the

expanded cross-sectional area of the expandable body section.
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To this end, the expandable body section is controllably and reversibly
expandable to assume different predetermined expanded sizes associated with respective
values of an expanded cross sectional area of the expandable body section. The size is
changeable by controlled expansion or contraction of the expandable body section.

The present invention makes use of the recognition of the inventors that a
pressure drop across the artificial stenosis caused by the expandable body section of the body
is mostly caused by turbulent flow in the divergent section of the stenosis. Inside the artificial
stenosis created by the expandable body section there is a pressure drop due to the
Bernoulli/Venturi effect. For the blood has to flow faster through the constricted section. This
pressure drop is used to according to the present invention to determine the flow velocity. It
is pointed out that the present invention does not consider placing a measurement device
inside a natural stenosis of a patient, because the measurement device will block the blood
flow even more. The intravascular blood flow measurement device of the present invention is
advantageous in this regard in that it provides an artificial stenosis that can be controlled to
be not flow-limiting. In operation, thus, for investigating a natural stenosis in a patient, the
intravascular blood flow measurement device is suitably placed proximal of the stenosis to be
investigated.

Values of a blood flow quantity such as a blood flow velocity can then be
determined using the measured pressure values at the different values of the cross sectional
area provided by operating the intravascular blood flow measurement device. This will be
explained in more detail further below in the context of the description of the blood flow
measurement device of the second aspect of the invention.

In the following, embodiments of the intravascular blood flow measurement
device of the first aspect of the present invention are presented.

The intravascular blood flow measurement device of some embodiments is
provided in the form of an add-on unit that can be mechanically and electrically connected
with or disconnected from a catheter device or guidewire. In other embodiments, the
intravascular blood flow measurement device forms an integral part of such catheter device,
preferably a microcatheter or guidewire.

The body of the intravascular blood flow measurement device, including the
expandable body section, preferably has a stream-lined shape for maintaining a laminar blood
flow inside the blood vessel, preferably along the longitudinal extension of the expandable

body section. While the pressure drop across a stenosis does involve a turbulent flow in the
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divergent section downstream of the stenosis, it is advantageous to maintain a laminar flow to
before and especially inside the narrowing itself so that Bernoulli’s law applies.

To achieve that, the expandable body section suitably has a cross-sectional
area value that is gradually changing along longitudinal direction before and after reaching a
maximum cross-sectional area value. This applies to all sizes of the expandable body section
that can be selected for operation during performance of a flow measurement. This way,
turbulences in the blood flow due to the presence of the intravascular blood flow
measurement device in the blood vessel can be avoided, which improves the quality of the
flow determination.

The expandable body section can be implemented in different ways. The
expansion in size and the reverse process of contraction can be effected by any suitable
increase or decrease in shape or volume of the expandable body section. In some
embodiments, the change in shape is combined with a change in volume of the expandable
body section. In other embodiments, the change in size is implemented by only a change in
shape while the volume of the expandable body section remains unchanged. In some other
embodiments, despite an increase in size, the volume of the expandable body section is even
decreased in the course of expansion, and increased in the course of contraction. What
matters is the ability of the expandable body section to form a variable artificial stenosis
inside the blood vessel.

In some embodiments of the intravascular blood flow measurement device, the
expansion and contraction of the expandable body section is achieved using an electro-active
polymer (EAP). As is well known per se, EAPs exhibit a change in size or shape when
stimulated by a suitable electric signal. The electro-active polymer comprised by the
expandable body section of the subject embodiment is configured to controllably change its
size by changing its shape or volume in response to receiving an electrical expansion-control
signal. The change in size thus may involve a change in volume or a change in shape of the
EAP, or a change in shape that at the same time involves a change in volume within a range
that can be predetermined by material selection and a suitably designed shape of the
expandable body section implemented this way. A non-limiting list of suitable EAPs that are
used in different embodiments include piezoelectric polymers, electromechanical polymers,
relaxor ferroelectric polymers, electrostrictive polymers, dielectric elastomers, liquid crystal
elastomers, conjugated polymers, ionic polymer-metal composites, ionic gels, polymer gels,

etc.
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In other embodiments, the expansion and contraction of the expandable body
section is achieved by using an inflatable balloon that thus forms a volume-expandable body
section. In these embodiments, the inflatable balloon is preferably configured to controllably
change its volume within a predetermined volume range. The volume range can be
determined by a suitably designed shape of the volume-expandable body section
implemented this way, and by selection a suitable material as well as a suitable pressure
range for driving a volume expansion using a pressurized fluid or gas. The controllable
actuator is in these embodiments preferably configured to controllably pump a pressurized
fluid or gas into or out of the inflatable balloon, depending on whether an expansion or
reduction of the volume is currently desired.

The number of different sizes to be set for performing the blood flow
determination according to the concept of the present invention differs in different
embodiments. It depends on the number and location of the pressure sensors of the pressure
sensor unit.

In one embodiment, the pressure sensor unit comprises at least two pressure
sensors, wherein at least one of the pressure sensors is arranged on the body outside the
longitudinal extension of the expandable body section. A particularly simple configuration
according to this embodiment thus has a first pressure sensor arranged on the body within the
longitudinal extension of the expandable body section, and a second pressure sensor arranged
on the body outside the longitudinal extension of the expandable body section. The at least
two sensors thus build a differential pressure sensor, and since a reference pressure is
additionally measured at a position of the intravascular blood flow measurement device that
has a fixed cross sectional value (i.e. the pressure sensor arranged outside the longitudinal
extension of the expandable body section), these embodiments are particularly robust against
heart beat to heart beat variations in the pressure of the blood flow. Furthermore, in this
configuration, the required minimum number of size settings of the expandable body section
required is reduced to two, for providing two values of the expanded cross sectional area of
the expandable body section for pressure measurement using the first pressure sensor. The
cross-sectional area of the body outside the longitudinal extension of the expandable body
section provides for the third value of cross sectional area of the body, for a pressure
measurement using the second pressure sensor, as long as the value cross sectional area of the
body outside the longitudinal extension of the expandable body section is different from any
of the expanded cross sectional area values of the expandable body section. This way, the

minimum total number of three values of cross sectional area of the body (which include the
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at least two values of the expanded cross-sectional area of the expandable body section) is
achieved with a minimum of size changes, thus achieving a particularly fast measurement.
In other embodiments that employ a single pressure sensor arranged on the body within the
longitudinal extension of the expandable body section, the minimum number of three values
of cross sectional area of body is achieved by setting the expandable body section to three
different expanded sizes.

The pressure sensor(s) provide(s) respective sequences of pressure signals
indicative of a pressure of blood flow in the blood vessel over a predetermined measuring
time span defined with respect to a heart cycle period. Preferably, different measuring time
spans are distributed over a full heart cycle, which allows determining a flow profile over the
heart cycle.

In other embodiments, a larger number of cross sectional area values of the
body is employed to achieve further advantages, as will be described further below. This
larger number of four or more measurements can be achieved by either using a single
pressure sensor, or by using two or more pressure sensors in a configuration described above,
wherein different pressure sensors outside the longitudinal extension of the expandable body
section can be associated with different local cross sectional area values of the body at the
location of the respective pressure sensors.

The design of the intravascular blood flow measurement device can be
implemented in different variants. In a preferred variant, the intravascular blood flow
measurement device comprises a non-expandable body having a fixed cross sectional area
value along its longitudinal extension in a distal end section, a proximal end section, and in a
middle section between the distal and proximal end sections. The expandable body section is
preferably arranged in the middle section of the non-expandable body. Variants having a non-
expandable body with different fixed cross sectional area values along its longitudinal
extension, preferably exhibit such variations in different subsections of the distal end section.

According to a second aspect of the present invention, a blood flow
measurement system for measuring a blood flow quantity inside a blood vessel of a living
being is provided. The blood flow measurement system comprises:

- an intravascular blood flow measurement device according to the first aspect
of the present invention or one of its embodiments;

- a control unit configured to sequentially provide to the controllable actuator a
size control signal indicative of a respective one of the at least two pre-determined sizes to be

assumed by the expandable body section; and
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- a flow determination unit, which is configured to receive the pressure signals
provided by the pressure sensor unit and, using the at least three values of cross sectional area
of the body, the pressure signals associated with the at least three values of cross sectional
area of the body and taken at respective measuring times corresponding to an identical phase
of the heart cycle, and a known value of a density of blood, to calculate a value of a blood
flow quantity inside the blood vessel.

In addition to the features of the intravascular blood flow measurement device
of the first aspect of the invention, the blood flow measurement system of the second aspect
includes control and evaluation functionality implemented in the control unit and in the flow
determination unit.

The control unit and the flow determination unit can be provided in the form
of electronic chip products having small size, and either of them or both can be located inside
the intravascular blood flow measurement device, in particular the body, according to the
specific design requirements of an application case.

Also, either the control unit or the flow determination unit or both may be
implemented in integrated form as an integral part of a catheter device for intravascular
insertion and operation. Thus, one embodiment of the present invention is formed by an
intravascular catheter, comprising the control unit and the flow determination unit. These two
units can for instance be arranged at a proximal end of the catheter device. In some
embodiments the catheter is preferably a microcatheter.

When implemented as a respective unit of an external control and/or flow
determination device that is not for intravascular insertion, the control unit and/or the flow
determination unit can be provided in the form of a computer, which is configured to be in
communicative connection with the intravascular blood flow measurement device during
intravascular operation thereof.

The communicative connection is in some embodiments achieved by
communicating via a patch cable connecting the computer with the intravascular blood flow
measurement device. In other embodiments, the communicative connection is achieved over
an air interface using a wireless communication channel according to any radio
communication protocol such as any of the IEEE 802.11 standards, Bluetooth, infrared-based
communication protocols, etc.

In some embodiments of the blood flow measurement system that offer a
technologically simpler implementation, the pressure sensor unit comprises only one pressure

sensor. In these embodiments, the control unit is configured to provide to the controllable



10

15

20

25

WO 2018/158331 PCT/EP2018/054959
8

actuator a size control signal indicative of a respective one of the at least three predetermined
sizes to be assumed by the expandable body section.

In the following, embodiments having a particularly advantageous
implementation of the flow determination unit will be described. In one embodiment, the
flow determination unit is configured to solve a system of two or more equations, using
Bernoulli’s law, the at least three values of cross sectional area of the body, the associated
sequences of pressure signals, and a known value of a density of blood, and to determine a
value of the cross sectional area of the blood vessel and a value of a volume flow velocity at

a respective value of cross sectional area. From Bernoulli’s law,

2
p+pv7:const (1)

it follows that for two different pressure values p, and p and two corresponding different

flow velocities ¥, and v, in a medium of density p the following equation holds:

py=p =507 7)) @)

Preferably, therefore, the flow determination unit is configured to solve the

system of two equations, each equation having the form

2 2
Vo P A—AO
== [A_4] Py 3)

The symbols in this equation have the following meanings:

A, is a first of the predetermined values of cross sectional area of the body;

A; is a respective second of the predetermined values of cross sectional area of the body,

wherein in the two equations two different predetermined values of cross sectional area are

used;

4 1s a value (to be determined) of a cross sectional area of the blood vessel;

Py 1s a first pressure value associated with the respective first value of cross sectional area

Ay, taken at the respective measuring time corresponding to the identical phase of the heart

cycle;

p; is a second pressure value associated with the respective value of cross sectional area 4; ,

taken at the respective measuring time corresponding to the identical phase of the heart cycle,

wherein in the two equations two different measured values of pressure are used;
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p 1s the density of the blood;

v, 1s the volume flow velocity, to be determined, at the value of cross sectional area 4.

It is noted that the indices 0 and i are arbitrarily allocatable to the different
cross sectional area values of the expandable body section and the associated measured
pressure values.

Preferably, the flow determination unit is configured to determine a value of a

flow rate Q as the blood flow quantity, by calculating

(=40, =Q or (4-4ily, =0 4).

In further advantageous embodiments using a larger number of pressure
measurements than the minimum number required, it is possible to additionally determine
whether the intravascular blood flow measurement device, as operated, forms an undesirably
strong obstacle within the blood vessel. While typically pressure drops at such a device are
small and it is unlikely to be limiting the blood flow, a test of the validity of this assumption
in a given measurement setting can be made by using at least four measurements. In this
embodiment,

- the expandable body section is controllably and reversibly expandable to
assume at least three different predetermined expanded sizes associated with at least three
respective values of an expanded cross sectional area of the expandable body section;

- the pressure sensor unit is configured to provide, for each of at least four
values of cross sectional area of the body, including the at least three values of the expanded
cross-sectional area of the expandable body section, the respective sequence of pressure
signals; and

- the flow determination unit is configured to determine, using a predetermined
fitting model, calibration curve parameters fitting pressure value determined from the
received pressure signals as a function of cross-sectional area of the body and to determine,
using the pressure values and the associated values of the cross-sectional area of the body, a
fit-error measure, to compare the fit-error measure with a pre-determined error threshold
value, and, in case the fit-error measure exceeds the error threshold value, to provide an error
output signal indicative thereof.

As an example, equation (3) will only fit four or more data points well if the
blood flow is not limited. As a result the accuracy of the fit, as for example expressed by the
mean squared error of the fit with respect to the measured data points, can be used as the fit-

error measure. This way, one can detect if the device itself is reducing the flow. This fit-error
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measure advantageously also detects cases where variations between heart cycles, i.e., an
inaccuracy in the phase of the heart cycle used for measurement and evaluation, distorts the
flow value determination.

This embodiment can be extended by providing a feedback to the
measurement operation. In one such embodiment, the control unit is configured, in response
to receiving the error output signal, to determine and provide to the controllable actuator
corrected size control signals indicative of at least two corrected size values within a
corrected size value range having a smaller corrected maximum size value in comparison
with a maximum size value of the expandable body section set by the control unit before
receiving the error output signal. This embodiment works particularly well if the size values
are selectable from a predetermined continuous size range, allowing a fine-tuning of the size
of the expandable body section of the intravascular blood flow measurement device.

Given such a feedback loop, in case the determined fit quality indicates no
flow limitation, an increase the expansion is suitably performed in a similar manner, until
flow limiting is detected based on the fit-error measure. This way, the described feedback
loop can be used to maximize a signal-to-noise ratio of the flow measurement while making
sure that the blood flow is not limited by the device itself.

In addition, or alternatively, some of these embodiments comprise a user
interface that is interface configured to receive the error output signal and, upon receiving the
error output signal, to provide output information to a user, the output information being
indicative of a blood flow limitation induced by the intravascular blood flow measurement
device exceeding a predetermined maximum blood flow limitation amount in the blood
vessel.

The determined value of blood flow is typically relevant in cases where the
presence of the intravascular blood flow measurement device does not exceedingly limit the
blood flow, when compared to the blood flow in the vessel without the intravascular blood
flow measurement device inserted. These embodiments thus allow an interaction with a user
and are suitably configured to aid the user in assessing the relevancy of the calculated blood
flow quantity.

According to a third aspect of the present invention, a method for controlling
operation of an intravascular blood flow measurement device according to the first aspect is
presented. The method comprises:

- sequentially providing to the controllable actuator of the intravascular blood

flow measurement device a size control signal indicative of a respective one of at least two
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predetermined expanded sizes to be assumed by the expandable body section of the body of
the intravascular blood flow measurement device; and

- controlling provision, by a pressure sensor unit which comprises at least one
pressure sensor arranged on the body of the intravascular blood flow measurement device
within a longitudinal extension of the expandable body section, for each of at least three
values of cross sectional area of the body, including the at least two values of the expanded
cross-sectional area of the expandable body section, of respective sequence of pressure
signals indicative of a pressure of blood flow in the blood vessel over a predetermined
measuring time span defined with respect to a heart cycle period.

The method shares the advantages of the blood flow measurement system of
the second aspect of the invention, and thus also the advantages described in the context of
the description of the intravascular blood flow measurement device of the first aspect of the
invention.

According to a forth aspect, a method for determination of a blood flow
quantity inside a blood vessel of a living being is presented. The method comprises:

- performing a method according to the third aspect of the invention; and

- calculating a value of a blood flow quantity inside the blood vessel, using the
at least three values of cross sectional area of the body, the pressure signals associated with
the at least three values of cross sectional area of the body and taken at respective measuring
times corresponding to an identical phase of the heart cycle, and a known value of a density
of blood

The method thus shares the advantages of the method for controlling operation
of an intravascular blood flow measurement device of the third aspect.

In one embodiment of the method of the forth aspect, calculating a value of a
blood flow quantity inside the blood vessel comprises:

- using Bernoulli’s law, the at least three values of cross sectional area of the
body, the associated sequences of pressure signals, and a known value of a density of blood,
solving a system of two or more equations, each equation having the form of equation (3). In
this embodiment, determining the blood flow quantity preferably comprises determining a
value of a flow rate by a calculation according to equation (4).

A fifth aspect of the present invention is formed by a computer program
comprising executable code for executing a method according to the third or fourth aspect of

the invention when executed by a processor of a computer.
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Other embodiments of the present invention are thus formed by an
intravascular catheter device comprising an intravascular blood flow sensor according to the
first aspect of the invention.

It shall be understood that the intravascular blood flow measurement device of
claim 1, the blood flow measurement system of claim 7, method for controlling operation of
an intravascular blood flow measurement device of claim 12, the method for determination of
a blood flow quantity inside a blood vessel of a living being of claim 13 and the computer
program for executing a method according to claim 12 or 13 of claim 15 have similar and/or
identical preferred embodiments, in particular, as defined in the dependent claims.

It shall be understood that a preferred embodiment of the present invention can
also be any combination of the dependent claims or above embodiments with the respective
independent claim.

These and other aspects of the invention will be apparent from and elucidated

with reference to the embodiments described hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

In the following drawings:

Fig. 1 A shows an embodiment of a blood flow measurement system for
measuring a blood flow quantity inside a blood vessel of a living being using an intravascular
blood flow measurement device;

Fig 1B shows a cross sectional view of an intravascular blood flow
measurement device shown in Fig. 1 A, as placed inside a blood vessel;

Fig. 2A shows the embodiment of a blood flow measurement system using the
intravascular blood flow measurement device shown in Fig. 1A being expanded to a larger
size;

Fig 2B shows a cross sectional view of the intravascular blood flow
measurement device shown in Fig. 2A, as placed inside a blood vessel;

Fig. 3A shows another embodiment of a blood flow measurement system for
measuring a blood flow quantity inside a blood vessel of a living being that comprises
another embodiment of an intravascular blood flow measurement device;

Fig 3B shows a cross sectional view of the intravascular blood flow
measurement device shown in Fig. 3A, as placed inside a blood vessel;

Fig. 4 shows four pressure curves obtained by measuring the pressure of blood

flow in a direction perpendicular to the main direction of blood flow over a predetermined
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time span covering one heart cycle and plotted versus a normalized and shifted heart cycle
time.

Fig. 5 shows an example of curve fitted using the measured pressure values
shown in Fig. 4, and plotted as a function of maximum values of the cross sectional areas of
the expandable body section at which they were measured; and

Fig. 6 shows a flow diagram of an embodiment of a method for controlling
operation of an intravascular blood flow measurement device.

Fig. 7 shows a flow diagram of an embodiment of a method for determination

of a blood flow quantity inside a blood vessel of a living being.

DETAILED DESCRIPTION OF EMBODIMENTS

Fig. 1 A shows an embodiment of a blood flow measurement system 100 for
measuring a blood flow quantity inside a blood vessel 101 of a living being using an
intravascular blood flow measurement device 102. Fig 1B shows a cross sectional view of the
intravascular blood flow measurement device 102, as placed inside the blood vessel 101,
having a value of cross sectional area given by A.

The blood vessel 101 has a cross sectional area value A as explicitly indicated
in Fig 1B by an underlined letter A and indirectly indicated in Fig. 1A by a double arrow
labeled A indicating the diameter of the blood vessel.

The intravascular blood flow measurement device 102 comprises a body 103
suitable for placement inside the blood vessel 101 of a living being and extending along a
longitudinal direction L that substantially coincides with a main direction of blood flow if the
measurement device is well aligned within the blood vessel.

The presence of the intravascular blood flow measurement device 102 in the
vessel 101 alters a value of blood flow velocity. More specifically, the value of the blood
flow velocity at a position P depends on an actual value of the cross sectional area of the
intravascular blood flow measurement at the same longitudinal position P. The larger the
cross sectional area of the intravascular blood flow measurement, the higher the blood flow
velocity at that position, and the lower the pressure exerted by the blood flow on the
longitudinal position P.

The intravascular blood flow measurement device 102 includes a body 103,
e.g. a guidewire or a catheter that has fixed cross sectional area values along its longitudinal
extension in a distal end section 103.a, a proximal end section 103.b, and in a middle section

103.c: The middle section is located between the distal and proximal end sections. The body
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103 comprises an expandable body section 104 arranged at the middle section 103.c. The
expandable body section 104 has a cross-sectional area perpendicular to the longitudinal
direction that is gradually changing in the longitudinal direction L. Provided that the
expandable body section presents a predetermined unexpanded size associated with a value
of an unexpanded cross sectional area of the expandable body section in an unexpanded state,
the expandable body section is controllably and reversibly expandable to assume a respective
one of at least two different predetermined expanded sizes associated with at least two
respective values of an expanded cross sectional area of the expandable body section. 104.
Therefore, the expandable body section 104 is configured to adopt at least three different
sizes, at least two of which are expanded sizes.

In the present embodiment, the expansion and contraction of the expandable
body section 104 is achieved using an electro-active polymer (EAP). EAPs exhibit a change
in size or shape when stimulated by a suitable electric drive signal, which herein is also
referred to as the electrical expansion-control signal. The electro-active polymer controllably
changes its size or shape in response to receiving the electrical expansion-control signal.
Suitable EAPs include piezoelectric polymers, electromechanical polymers, relaxor
ferroelectric polymers, electrostrictive polymers, dielectric elastomers, liquid crystal
elastomers, conjugated polymers, ionic polymer-metal composites, ionic gels, polymer gels,
etc.

In the state shown in Fig. 1A and Fig. 1B, the expandable body section 104 is
currently set to a size associated with a value of a cross sectional area of Ay, as explicitly
indicated in Fig 1B and indirectly referred to in Fig. 1 A by the diameter of the expandable
body section at the position P, which is shown by a double arrow that is also labeled Ay.

A controllable actuator 106 is arranged and configured to provide a suitable
drive voltage to the expandable body section 104 to allow expansion one of the at least three
sizes (for example either the unexpanded size or one of the at least two expanded sizes), in
response to a corresponding size control signal. The size control signal is provided by the
control unit 110.

In other embodiments (not shown), where the expansion and contraction of the
expandable body section is achieved by using an inflatable balloon, the actuator 106 is
configured to change the size by drive a volume expansion, in particular by pumping a
pressurized fluid or gas into or out of the inflatable balloon, depending on whether an

expansion or reduction of the volume is currently desired.
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In this case, the blood flows inside the blood vessel 101 at the predetermined
longitudinal position P with a blood flow velocity given by vq.

A pressure sensor unit comprises, in this particular intravascular blood flow
measurement device, a single pressure sensor 108 that is arranged on the body 103 within the
longitudinal extension 103.c of the expandable body section 104 at a longitudinal position P.
The pressure sensor 108 provides, for each of at least three values of cross sectional area of
the body (that include the at least two values of the expanded cross-sectional area of the
expandable body section), a respective sequence of pressure signals indicative of a pressure
of blood flow in the blood vessel over a predetermined measuring time span defined with
respect to a heart cycle period. The sequence of pressure signals are then provided to a flow
determination unit 112.

In the following, additional reference will be made to Figs. 2A and 2B. Fig.
2A shows the blood flow measurement system 100 using the intravascular blood flow
measurement device 102 shown in Fig. 1A with an expanded size of the expandable body
sections. Fig. 2B in turn shows a cross sectional view of the intravascular blood flow
measurement device 102 shown in Fig. 2A, as placed inside a blood vessel having a cross
sectional area value of A.

Thus, Figs. 2A and 2B show intravascular blood flow measurement device 102
after having been set to a larger maximum cross-sectional value A;. In this situation, the
blood flows inside the blood vessel 101 at the predetermined longitudinal position P with an
increased velocity given by v;, thus creating a pressure drop at position P when compared to
the situation described with reference to Figs. 1A and 1B.

The flow determination unit 112 is configured to calculate a value of a blood
flow quantity Q as it will be explained in the following.

The calculation of the blood flow is performed by using the at least three
values of cross sectional area of the body, including the at least two values of the expanded
cross-sectional area of the expandable body section 104, the respective pressure signals
associated with these values, taken at respective measuring times corresponding to an
identical phase of the heart cycle, and a known value of a density of blood. For this

calculation, Bernoulli’s law is used.

Bernoulli’s law states that for two different pressure values p, and p. and

two corresponding different flow velocities V) and v, the following equation holds:



10

15

20

25

30

WO 2018/158331 PCT/EP2018/054959
16

py—p, =207 -v2) (5)

(R

Assuming that the three different sizes of the expandable body section are
allocated to cross sectional area values of Ag, A1 and A> , which result in blood flow
velocities at the position P of the pressure sensor having values v, vi and v respectively, and
that the corresponding sequences of pressure signals indicative of a pressure of blood flow in
the blood vessel over a predetermined measuring time span defined with respect to a heart
cycle period are given by po(t), pi(t) and pa(t), the value of a blood flow quantity Q can be

calculated from one of the following equations:

(A—4 v, =(A- A =(4- 4 ), =0 (6)
In order to solve any of these equations, the value of A and the value of one of

the blood flow velocities have to be determined.

For that, a system of two equations can be obtained from the previous

equations:
vl (4-4)

n== (A_Alj + P, (7.1)
_wel, (A-4)

Py == (A_Azj + P (7.2)

This system can be resolved to obtain the values of A and vo. Alternatively,
other sets of values would lead to corresponding systems of equations that would result in
values of A and vi, or A and va.

Once these values are determined, they can be used as an input for the
matching equation (6) to obtain the value of the blood flow quantity Q.

Fig. 3A shows another embodiment of a blood flow measurement system 300
for measuring a blood flow quantity inside a blood vessel 301. The blood flow measurement
system 300 comprises another embodiment of an intravascular blood flow measurement
device 302. Fig 3B shows a cross sectional view of the intravascular blood flow measurement
device shown in Fig. 3A, as placed inside a blood vessel 301.

Fig. 3A shows an intravascular blood flow measurement device 302 that
closely resembles the embodiment of Figs. 1 and 2. The following description focuses on
features distinguishing the present embodiment from that described earlier. The intravascular
blood flow measurement device 302 comprises a pressure sensor unit 308 comprising two

pressure sensors 308.1 and 308.2. The pressure sensor 308.1 is arranged on the body 302
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within the longitudinal extension of the expandable body section 304, whereas pressure
sensor 310.2 is arranged on the body 302 outside the longitudinal extension of the
expandable body section 304. The size of the expandable body section is set by the
controllable actuator 306 in response to a corresponding size control signal provided by the
control unit 310.

The flow determination unit 312 receives sequences of pressure signals from
pressure detectors 308.1 and 308.2, and is also configured to determine the value of the blood
flow quantity inside the blood vessel 102.

The expandable body section 304 is controllably and reversibly expandable to
assume a respective one of at least two different predetermined sizes associated with at least
two respective values of a cross sectional area of the expandable body section. The two
different predetermined sized can be one non-expanded size and an expanded size or two
expanded sizes. The controllable actuator 306 is configured to set the expandable body
section to one of the at least two sizes. The pressure sensor unit 308 is configured to provide,
for each of at least three values of cross sectional area of the body 302, a respective sequence
of pressure signals indicative of a pressure of blood flow in the blood vessel over a
predetermined measuring time span defined with respect to a heart cycle period. In the
present case, two of the sequences are provided by pressure sensor unit 308.1 at two different
associated sizes of the expandable body section 304, whereas the third sequence is provided
by sensor 308.2 at a fixed size associated with the cross sectional area value of the body
outside the longitudinal extension and given by Ag.

The intravascular blood flow measurement device 302 thus simultaneously
provides two pressure signals obtained at two different longitudinal positions of the
measuring head body that have different cross sectional area values (Ap and A, in Fig. 3B).
The intravascular blood flow measurement device302 is therefore more robust against
variations between heart cycles, since two sequences of pressure values can be provided
simultaneously to the flow determination unit.

The intravascular blood flow measurement device 302 forms, with the control
unit 310 and the flow determination unit 312, a particular embodiment of a blood flow
measurement system for measuring a blood flow quantity Q or the blood flow velocity vo
according to eq. 1-3.

In operation, particular care has to be taken that the device itself does not limit
blood flow. In some blood flow measurement systems, therefore, the evaluation unit is

further configured to support safe operation. This can be done using a specific evaluation
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involving a determination of a fit-error measure. This evaluation is based on using the
expandable body section assuming at least three different predetermined expanded sizes.

Details will be explained in the following with reference to Figs. 4 and 5. Fig.
4 shows four curves po(t), pi(t), p2(t) and ps(t), obtained by measuring the pressure of blood
flow in a blood vessel over a predetermined time span covering one heart cycle and plotted
versus a normalized and shifted heart cycle time. Each curved is measured while the
expandable body section has been set to adopt a different size, given by a value of a
maximum cross sectional area at a predetermined longitudinal position of the measuring head
body. According to Bernoulli’s law, the curves measured at a higher cross-sectional value of
the expandable body section show lower pressure values for any given relative time within a
heart cycle (e.g. tc) than those of the curves measured at lower cross-sectional area values.

The value of flow rate can be obtained by fitting the pressure values obtained
at an identical normalized heart cycle time t., as it is shown in Fig 5. Fig. 5 shows an example
of a fitted curved according to eq. 4 and using the values pi(tc) (for i=0, 1, 2, and 3) shown in
Fig. 4 that are plotted versus the cross sectional area value ¢ of the expandable body section
at which they were measured (Ai, for i=0, 1 2, and 3). The values of the cross sectional area
A of the vessel, and of the flow velocity vo are thus obtained and can be further used to
calculate the flow rate Q according to eq. (6).

In terms of safe operation, the inventors have recognized that the general form
of equations (7.1) or (7.2), given by equation (3) will only fit four or more pairs (pi, Ai) of
cross-sectional area and measured pressure if the flow of blood is not limited by the presence
of the intravascular blood flow measurement device. Therefore, a quality value of the fit,
such as, but not limited to the mean squared error, can be used as an indicator for
measurement error.

In some embodiments, the blood flow measurement system 300 further
comprises a user interface 314 that receives the error output signal and, upon receiving the
error output signal, to provide output information to a user. The output information indicates
that a blood flow limitation currently induced by the intravascular blood flow measurement
device exceeds a predetermined maximum blood flow limitation amount in the blood vessel
and thus allows adjusting the settings. Such adjustment can be made by manual control or
automatically.

Fig. 6 shows a flow diagram of an embodiment of a method 600 for
controlling operation of an intravascular blood flow measurement device. The method

comprises a step 602 in which a size control signal indicative of a respective one of at least
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two predetermined expanded sizes to be assumed by the expandable body section of the body
of the intravascular blood flow measurement device is sequentially provided to the
controllable actuator of the intravascular blood flow measurement device. The method also
comprises a step 604 in which a provision of sequence of pressure signals by a pressure
sensor unit is controlled. The pressure sensor unit comprises at least one pressure sensor
arranged on the body of the intravascular blood flow measurement device within a
longitudinal extension of the expandable body section. The sequences of pressure signals are
provided for each of at least three values of cross sectional area of the body, including the at
least two values of the expanded cross-sectional area of the expandable body section. The
sequences of pressure signals are indicative of a respective blood flow in the blood vessel
over a predetermined measuring time span defined with respect to a heart cycle period.

Fig. 7 shows a flow diagram of a method 700 for determination of a blood
flow quantity inside a blood vessel of a living being.

The method comprises performing the method 600 for controlling operation of
an intravascular blood flow measurement device. Furthermore, the method 700 includes a
step 702 in which a value of a blood flow quantity inside the blood vessel is calculated. For
this calculation, the at least three values of cross sectional area of the body, the pressure
signals associated with the at least three values of cross sectional area of the body and taken
at respective measuring times corresponding to an identical phase of the heart cycle, and a
known value of a density of blood are used.

Additionally, in particular embodiments of the method 700, step 702 includes
using Bernoulli’s law, the at least three values of cross sectional area of the body, the
associated sequences of pressure signals, and a known value of a density of blood, solving a

system of two equations having the form

2 2
Vo P A-4,
= 1- +
Di 2 [ A Al- ] Py
and determining the blood flow quantity Q by calculating

(A_Ao)vo =0

or any equivalent equation using a given value of the cross sectional area of the expandable

body section and the respective value of the blood flood velocity.
In summary, thus, a blood flow measurement system for measuring a blood
flow quantity inside a blood vessel includes an intravascular blood flow measurement device

with a body that comprises an expandable body section. A control unit sequentially provides
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a size control signal indicative of a respective one of the at least two predetermined
expandable sizes to be assumed by the expandable body section. A pressure sensor unit
measures respective sequences of blood pressure signals over a measuring time span defined
with respect to a heart cycle period. A flow determination unit uses the values of cross
sectional area of the expandable body section, the associated pressure signals and a known
value of a density of blood, to calculate a value of a blood flow quantity inside the blood
vessel based on Bernoulli’s law.

Other variations to the disclosed embodiments can be understood and effected
by those skilled in the art in practicing the claimed invention, from a study of the 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 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:

l. An intravascular blood flow measurement device (102), comprising:

- a body (103) suitable for placement inside a blood vessel (101) of a living
being and extending along a longitudinal direction (L);

- an expandable body section (104) of the body, having a longitudinal extension
in the longitudinal direction and a cross-sectional area perpendicular to the longitudinal
direction that is controllably and reversibly expandable to assume a respective one of at least
two different predetermined expanded sizes associated with at least two respective values of
an expanded cross sectional area of the expandable body section;

- a controllable actuator (106) arranged and configured to set the expandable
body section to one of the at least two sizes; and

- a pressure sensor unit (108) comprising at least one pressure sensor arranged
on the body within the longitudinal extension of the expandable body section, the pressure
sensor unit being configured to provide, for each of at least three values of cross sectional
area of the body, including the at least two values of the expanded cross-sectional area of the
expandable body section, a respective sequence of pressure signals indicative of a pressure of
blood flow in the blood vessel over a predetermined measuring time span defined with

respect to a heart cycle period.

2. The intravascular blood flow measurement device of claim 1, wherein the
body, including the expandable body section, has a stream-lined shape maintaining a laminar

blood flow inside the blood vessel.

3. The intravascular blood flow measurement device of claim 1, wherein the
expandable body section (104) comprises an electro-active polymer configured to
controllably change its shape or volume in response to receiving an electrical expansion-

control signal.

4, The intravascular blood flow measurement device of claim 1, wherein the

expandable body section (104) comprises an inflatable balloon configured to controllably
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change its volume within a volume range, and wherein the controllable actuator is configured

to controllably pump a pressurized fluid or gas into or out of the inflatable balloon.

5. The intravascular blood flow measurement device (300) of claim 1, wherein
- the pressure sensor unit (308) comprises at least two pressure sensors (308.1,
308.2); and

- at least one of the pressure sensors (308.2) is arranged on the measuring head

body outside the longitudinal extension of the expandable body section (304).

6. A blood flow measurement system (100) for measuring a blood flow quantity
inside a blood vessel (101) of a living being, the flow measurement system comprising:

- an intravascular blood flow measurement device (102) according to claim 1;

- a control unit (110) configured to sequentially provide to the controllable
actuator (106) a size control signal indicative of a respective one of the at least two
predetermined sizes to be assumed by the expandable body section; and

- a flow determination unit (112), which is configured to receive the pressure
signals provided by the pressure sensor unit (108) and, using the at least three values of cross
sectional area of the body, the pressure signals associated with the at least three values of
cross sectional area of the body and taken at respective measuring times corresponding to an
identical phase of the heart cycle, and a known value of a density of blood, to calculate a

value of a blood flow quantity inside the blood vessel.

7. The blood flow measurement system of claim 6, wherein

- the pressure sensor unit comprises only one pressure sensor; and

- the control unit is configured to provide to the controllable actuator a size
control signal indicative of a respective one of at least three predetermined sizes to be

assumed by the expandable body section.

8. The blood flow measurement system of claim 6, wherein the flow
determination unit is configured, using Bernoulli’s law, the at least three values of cross
sectional area of the body, the associated sequences of pressure signals, and a known value of
a density of blood, to solve a system of two or more equations, to determine a value of the
cross sectional area of the blood vessel (A) and a value of a volume flow velocity (vo) at a

respective value of cross sectional area.
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9. The blood flow measurement system of claim 8, wherein

- the expandable body section is controllably and reversibly expandable to
assume at least three different predetermined expanded sizes associated with at least three
respective values of an expanded cross sectional area of the expandable body section;

- the pressure sensor unit is configured to provide, for each of at least four
values of cross sectional area of the body, including the at least three values of the expanded
cross-sectional area of the expandable body section, the respective sequence of pressure
signals;

- the flow determination unit is further configured to determine, using a
predetermined fitting model, calibration curve parameters fitting pressure values determined
from the received pressure signals as a function of cross-sectional area of the body and to
determine, using the pressure values and the associated values of the cross-sectional area of
the body, a fit-error measure, to compare the fit-error measure with a pre-determined error
threshold value, and, in case the fit-error measure exceeds the error threshold value, to

provide an error output signal indicative thereof.

10. The blood flow measurement system (300) of claim 9, further comprising a
user interface (314) configured to receive the error output signal and, upon receiving the error
output signal, to provide output information to a user, the output information being indicative
of a blood flow limitation induced by the intravascular blood flow measurement device

exceeding a predetermined maximum blood flow limitation amount in the blood vessel.

11. The blood flow measurement system of claim 9, wherein the control unit is
configured, in response to receiving the error output signal, to determine and provide to the
controllable actuator corrected size control signals indicative of at least two corrected size
values within a corrected size value range having a smaller corrected maximum size value in
comparison with a maximum size value of the expandable body section set by the control

unit before receiving the error output signal.

12. A method (600) for controlling operation of an intravascular blood flow
measurement device according to claim 1, the method comprising:
- sequentially providing (602) to the controllable actuator of the intravascular

blood flow measurement device a size control signal indicative of a respective one of at least
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two predetermined expanded sizes to be assumed by the expandable body section of the body
of the intravascular blood flow measurement device; and

- controlling provision (604), by a pressure sensor unit which comprises at least
one pressure sensor arranged on the body of the intravascular blood flow measurement
device within a longitudinal extension of the expandable body section, for each of at least
three values of cross sectional area of the body, including the at least two values of the
expanded cross-sectional area of the expandable body section, of respective sequence of
pressure signals indicative of a pressure of blood flow in the blood vessel over a

predetermined measuring time span defined with respect to a heart cycle period.

13. A method (700) for determination of a blood flow quantity inside a blood
vessel of a living being, the method comprising:

- performing the method (600) of claim 12; and

- calculating (702) a value of a blood flow quantity inside the blood vessel,
using the at least three values of cross sectional area of the body, the pressure signals
associated with the at least three values of cross sectional area of the body and taken at
respective measuring times corresponding to an identical phase of the heart cycle, and a

known value of a density of blood.

14. The method of claim 13, wherein calculating a value of a blood flow quantity
inside the blood vessel comprises:

- using Bernoulli’s law, the at least three values of cross sectional area of the
body, the associated sequences of pressure signals, and a known value of a density of blood,
solving a system of two equations, each equation having the form

2 2
Vo P A-4, :
= 1- + p,, wherein
D 2 [A—Al] Do

A, is a first of the predetermined values of cross sectional area of the bodys;

A; is a respective second of the predetermined values of cross sectional area of the body,

wherein in the two equations two different predetermined values of cross sectional area are
used;

A4 1s a value, to be determined, of a cross sectional area of the blood vessel;

Py 1s a first pressure value associated with the respective first value of cross sectional area
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Ay, taken at the respective measuring time corresponding to the identical phase of the heart
cycle;
p; is a second pressure value associated with the respective value of cross sectional area 4; ,
taken at the respective measuring time corresponding to the identical phase of the heart cycle,

wherein in the two equations two different measured values of pressure are used;

p 1s the density of the blood;

v, 1s the volume flow velocity, to be determined, at the value of cross sectional area 4y ;

wherein the indices 0 and i are arbitrarily allocatable to the different cross sectional area
values of the expandable body section and the associated measured pressure values; and
wherein

- determining the blood flow quantity comprises determining a value of a flow

rate O, by calculating

(A_AO)VOZQ-

15. A computer program comprising executable code for executing a method

according to claim 12 or 13 when executed by a processor of a computer.
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