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(57) ABSTRACT

An ultrasound transducer probe (300) for intravascular
operation, comprising a faceted distal front surface (302) for
ultrasound emission and reception, which has at least two
mutually neighboring front surface facets (304.a, 304.b)
carrying respective sub-arrays (306) of micromachined
ultrasonic transducer MUT elements (308), the sub-arrays of
the MUT elements together forming a faceted array of MUT
elements distributed over the distal front surface.
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ULTRASOUND TRANSDUCER PROBE WITH
A FACETED DISTAL FRONT SURFACE

FIELD OF THE INVENTION

[0001] The present invention relates to an ultrasound
transducer probe for intravascular operation, to an intravas-
cular ultrasonic sensor device and to an intravascular ultra-
sonic sensor system.

BACKGROUND OF THE INVENTION

[0002] For diagnosing and evaluating treatment of coro-
nary circulatory disease ultrasound imaging and blood flow
measurements using ultrasound techniques are employed.
[0003] US 2010/0268089 Al describes a multiple elec-
trode element capacitive micromachined ultrasonic trans-
ducer (CMUT) probe that includes a forward looking or side
looking catheter device having a plurality of CMUT arrays
for transmitting and receiving ultrasonic energy. The CMUT
arrays are disposed on a substrate in a spaced apart arrange-
ment and are disposed at differing locations on the substrate.
The CMUT arrays each comprise a plurality of CMUT
elements. CMUT transducer probes of this kind are used for
medical imaging applications or as an intravascular Doppler
flow sensor.

[0004] US 2013/253325 A1 describes systems and meth-
ods for improving the quality of ultrasound images made up
of a combination of multiple sub-images based on giving
more weight to sub-image information that is more likely to
improve a combined image quality.

[0005] US 2014/0148701 Al describes an ultrasound
probe and an ultrasound diagnosis apparatus. In a particular
apparatus a first ultrasound transducer array scans a first
scanned plane. A second ultrasound transducer array
engages with the first ultrasound transducer array, is pro-
vided so as to intersect the first ultrasound transducer array,
and scans a second scanned plane different from the first
scanned plane. A probe main body is provided with the first
ultrasound transducer array and the second ultrasound trans-
ducer array, has an opening in a position where the first and
the second ultrasound transducer arrays intersect each other,
and has a through hole extending to the opening. An
engaging part that causes the first and the second ultrasound
transducer arrays to engage with each other is configured in
such a manner that the angle at which the first and the second
ultrasound transducer arrays intersect each other is change-
able.

[0006] US 2015/065922 Al describes a medical instru-
ment comprising a high intensity focused ultrasound system
comprising an ultrasound transducer with an adjustable
sonication frequency. The ultrasound transducer comprises
capacitive micromachined transducers. Execution of
machine executable instructions by a processor causes the
processor to: receive a treatment plan descriptive of a target
zone within a subject, determine a traversal distance through
the subject to the target zone using the treatment plan,
wherein the traversal distance is descriptive of the traversal
of ultrasound from the ultrasound transducer to the target
zone, determine a sonication frequency using the traversal
distance for focusing the sonication volume onto the target
zone, and sonicate the target zone using the high intensity
focused ultrasound system at the sonication frequency
[0007] WO 1017/001965 Al describes a multi-mode
capacitive micromachined ultrasound transducer (CMUT)
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and associated devices, systems, and methods. In an
embodiment, an intravascular device includes a flexible
elongate member having a proximal portion and a distal
portion; and a first sensor assembly disposed at the distal
portion of the flexible elongate member. The first sensor
assembly comprises a first array of capacitive microma-
chined ultrasonic transducers (CMUTs). The first sensor
assembly comprises at least two of a pressure sensor, a flow
sensor, or an imaging sensor. In some embodiments, the
intravascular device further includes a second sensor assem-
bly comprising a second array of CMUTs.

SUMMARY OF THE INVENTION

[0008] A forward looking device carrying an ultrasound
transducer probe in its tip region may in operation be not
well aligned with the blood vessel. Such a misalignment of
the ultrasound transducer probe during intravascular blood
flow measurement may give erroneous results, which would
therefore render the ultrasound measurement technique
unreliable.

[0009] The inventors have recognized that for increasing
reliability of ultrasound-based blood flow measurements it
would be desirable to provide an ultrasound transducer
probe which enables increased design variability of the
ultrasound beam geometry generated by micromachined
ultrasound transducer (MUT) elements.

[0010] According to a first aspect of the present invention,
an ultrasound transducer probe for intravascular operation is
provided. The ultrasound transducer probe comprises a
faceted distal front surface (hereinafter also referred to in
short as the front surface or faceted front surface) for
ultrasound emission and reception, which has at least two
front surface facets carrying respective sub-arrays of MUT
elements, the sub-arrays of the MUT elements together
forming a faceted array of MUT elements distributed over
the distal front surface, wherein the front surface facets are
formed by individual rigid carrier islands, each carrier island
comprising at least one of the sub-arrays of MUT elements,
and wherein the carrier islands are connected to each other
mechanically by a flexible electrically insulating material.
[0011] The ultrasound transducer probe of the first aspect
thus has a faceted distal front surface. The individual front
surface facets making up the coherent front surface carry
respective sub-arrays of MUT elements. The faceted distal
front surface as a whole thus provides the array of MUT
elements. This advantageous front surface geometry opens
up a new design space for designing the geometrical param-
eters of ultrasound emission from the array of MUT ele-
ments of the transducer probe. In particular, a desired width
of the ultrasound beam or a desired angle of ultrasound
emission provided as the superposition of the ultrasound
beams radiated from every MUT element can be designed in
accordance with requirements of a given application case by
choosing a suitable facet design of the faceted distal front
surface and of the sub-arrays of MUT elements provided on
the individual front surface facets. The front surface facets
are formed by individual rigid carrier islands, each carrier
island comprising at least one of the sub-arrays of MUT
elements. Further, the carrier islands are connected to each
other mechanically by a flexible electrically insulating mate-
rial. This manufacturing technology allows a particularly
robust and at the same time mechanically flexible design.
[0012] In the following, embodiments of the ultrasound
transducer probe will be described.
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[0013] The MUT elements are capacitive MUT (CMUT)
elements in some embodiments. In other embodiments, the
MUT elements are piezoelectric MUT elements.

[0014] The individual front surface facets preferably are
plane.
[0015] The faceted front surface design can be used to

achieve an increased beam width of ultrasound emission in
comparison with a flat front surface design. Such a wider
ultrasound beam achieves a larger sample volume within the
vessel, and thus increases the probability of sampling the
region of the blood vessel with the highest velocity. As is
known per se, the central region of a blood vessel typically
exhibits the highest blood velocity amount and is used for a
determination of blood flow parameters. In other cases,
however, the region exhibiting the highest velocity within in
the blood vessel is not the central region. For instance, in
case of a curvature of the blood vessel, the highest velocities
are typically closer to a wall of the blood vessel that forms
an outer wall with respect to the curvature.

[0016] Some embodiments achieve such a wider ultra-
sound beam with a faceted distal front surface that as a
whole is concave. This design of the faceted front surface
allows achieving a lensing effect without requiring an actual
lens on the transducer probe. A wider ultrasound beam
achieved using the present embodiment therefore makes the
ultrasound blood flow measurement more robust against
misalignment of the sensor with respect to the vessel. Thus,
the transducer probe can be built with a particularly small
size and at the same time provide an ultrasound beam that is
wider in comparison with a known planar design of the distal
front surface. A concave front surface also makes an inte-
gration into a small hypotube form factor particularly easy
and it is mechanically more robust.

[0017] In advantageous variants having a concave front
surface, the front surface facets have surface vectors that
extend at an angle of between 20° and 40° with respect 1o a
central longitudinal axis extending in forward direction from
the front distal front surface. The central longitudinal axis
typically coincides with a central longitudinal axis of a
microcatheter or guidewire that is laid to form a straight line
and comprises the transducer probe at its distal end. An
angle of 30° is preferred.

[0018] In some other embodiments, the front surface as a
whole is convex. Also in this embodiment, the beam width
of the radiated ultrasound emission can achieve higher
values than in the case of a flat front surface using an
otherwise identical (but flat) distribution of the MUT ele-
ments. The beam width can achieve even higher values than
with a concave front surface, depending on the degree of
convexity. On the other hand, the manufacture of a faceted
convex front surface and the integration in ultrasonic sys-
tems is more challenging.

[0019] Insome of these embodiments having a concave or
convex front surface, the central longitudinal axis forms a
symmetry axis in that the front surface facets are arranged in
a rotational symmetry with respect to this symmetry axis.
[0020] The number of front surface facets that together
form the distal front surface of the ultrasound transducer
probe may be chosen according to the requirements of the
beam geometry, taking into account the boundary conditions
of the manufacturing process. In some embodiments, only
two front surface facets are provided. In other embodiments,
between three and nine front surface facets are used. Some
embodiments have five front surface facets. The maximum
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number of facets that can be used in a given embodiment is
only limited by the lateral extension of the individual MUT
elements. The individual MUT elements require a respective
flat surface facet.

[0021] In case the subarrays are electrically connected
separately, they can be driven independently. However, this
will add complexity and/or extra connections. In other
embodiments, the rigid carrier islands contain respective
contact interfaces for electrically connecting the respective
sub-arrays of MUT elements, and the flexible material
contains electrical interconnect lines that electrically con-
nect the contact interfaces of the different sub-arrays to each
other. By connecting the sub-arrays together, the complexity
is reduced, but at the cost that they cannot be driven
independently.

[0022] In both cases the flexible interconnection can be
just to connect the rigid islands or to also have an electrical
connection.

[0023] In other embodiments, the rigid carrier islands
contain respective contact interfaces for electrically con-
necting the respective sub-arrays of MUT elements. These
embodiments further comprise a flexible interconnect bus
that electrically connects the contact interfaces of the carrier
islands to a rigid contact island. This rigid contact island
comprises a contact interface for connection of the array of
MUT elements to an external power source that drives
transmission of ultrasound radiation from the MUT elements
of the respective sub-array, and for connection to an external
signal processing device that receives transducer signals
indicative of ultrasound radiation received by the MUT
elements of the respective sub-array. The rigid contact island
for instance contains bondpads to enable a connection of
wires. Optionally, the contact island and/or rigid carrier
islands contain a signal amplification and/or signal process-
ing unit, suitably implemented as an (optionally distributed)
application specific integrated circuit (ASIC).

[0024] In other embodiments, the rigid carrier islands
contain respective contact interfaces for electrically con-
necting the respective sub-arrays of MUT elements. In these
embodiments the sub-arrays of MUT elements are con-
nected by electrical wires to an external power source that
drives transmission of ultrasound radiation from the MUT
elements of the respective sub-array, and for connection to
an external signal processing device that receives transducer
signals indicative of ultrasound radiation received by the
MUT elements of the respective sub-array.

[0025] The flexible electrically insulating material is in
currently preferred embodiments arranged on a front side of
the carrier islands, where the MUT elements are arranged.
The flexible electrically insulating material is in these
embodiments preferably shaped not to interfere with the
ultrasound emission and reception, in particular by suitable
holes in the material. In other embodiments the electrically
insulating material is arranged on a back side of the carrier
islands, either as an alternative or in addition to arranging
the flexible material on the front side.

[0026] According to a second aspect of the present inven-
tion, an intravascular ultrasonic sensor device is provided.
The intravascular ultrasonic sensor device comprises a sen-
sor body suitable for insertion into a blood vessel of a living
being and an ultrasound transducer probe according to the
first aspect of the invention or to any of its embodiments.
The ultrasound transducer probe is preferably arranged at a
distal end of the sensor body.
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[0027] The intravascular ultrasonic sensor device of the
second aspect thus shares the advantages of the ultrasonic
transducer probe of the first aspect or of any of its embodi-
ments.

[0028] The sensor body suitably forms a catheter, prefer-
ably a microcatheter, or a guidewire.

[0029] The sensor body provides a housing for the ultra-
sonic transducer probe and for signal and power transmis-
sion lines. In some embodiments of the intravascular ultra-
sonic sensor device the sensor body comprises a power
transmission line for connection of the ultrasound transducer
probe to an external power source that drives transmission of
ultrasound radiation from the ultrasound transducer probe,
and a signal transmission line for connection to an external
signal processing device that receives transducer signals
indicative of ultrasound radiation received by the MUT
elements of the respective sub-array.

[0030] In some of these embodiments wherein the power
transmission line is either configured for transmission of
electrical power or for transmission of optical power, and the
signal transmission line is either configured for transmission
of electrical transducer signals or for transmission of optical
transducer signals. In embodiments where either optical
power or optical transducer signals are exchanged, the
intravascular ultrasonic sensor preferably comprises an elec-
tro-optical power converter or an electro-optical signal con-
verter, respectively, that is suitably located in the tip region
of the intravascular ultrasonic device.

[0031] According to a third aspect of the present inven-
tion, an intravascular ultrasonic sensor system is presented.
The intravascular ultrasonic sensor system comprises an
intravascular ultrasonic sensor device of according to the
second aspect of the present invention, a power supply
device configured to provide operational power to the intra-
vascular ultrasonic sensor device and a signal processing
unit configured to receive transducer signals indicative of
ultrasound echo signals received by the MUT elements and
to provide a processed output signal indicative thereof.

[0032] The intravascular ultrasonic sensor system of the
third aspect shares the advantages of the intravascular ultra-
sonic sensor device of the second aspect and of the ultra-
sound transducer probe of the first aspect or of any of its
respective embodiments.

[0033] In some particularly advantageous embodiments,
the signal processing unit is configured to determine from
the transducer signals a blood flow velocity as a function of
time.

[0034] Insome embodiments of the third aspect, the signal
processing unit of intravascular ultrasound sensor system
further comprises a pre-processing unit arranged within the
sensor body and configured to receive the transducer signals
and to provide a pre-processed output signal indicative
thereof. The pre-processing unit is preferably arranged on
the rigid contact island and in some embodiments comprises
an application specific integrated circuit that is configured to
amplify or process the transducer signals and thus generate
the pre-processed output signal.

[0035] Yet other embodiments of the intravascular ultra-
sound sensor system further comprise a beam control unit
which is configured to control a respective phase of ultra-
sound emission from a number of MUT elements indepen-
dently in accordance with a pre-selectable beam pattern to
be emitted by the ultrasound transducer probe.
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[0036] These embodiments are advantageously configured
to enable an electronic steering of the ultrasound emission.
The beam control unit is configured to provide power to
different sets of MUT elements independently of each other.
These different sets can comprise each sub-array of MUT
elements, or any other combination of MUT elements,
including individual MUT elements, that can then be opet-
ated independently.

[0037] It shall be understood that the ultrasound trans-
ducer probe of claim 1, the intravascular ultrasonic sensor
device of claim 7, and the intravascular ultrasonic sensor
system of claim 11 have similar and/or identical preferred
embodiments, in particular, as defined in the dependent
claims.

[0038] 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.

[0039] These and other aspects of the invention will be
apparent from and elucidated with reference to the embodi-
ments described hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0040] In the following drawings:

[0041] FIGS. 1A and 2A show a typical ultrasonic sensor
device known from the prior art, as inserted into a blood
vessel of a living being at two different positions and
orientations.

[0042] FIGS. 1B and 2B show two typical plots of the
blood flow velocity as a function of time within a sample
volume as resulting from such an ultrasonic measurement at
the two respective different positions and orientations.
[0043] FIG. 3A shows a schematic diagram of an embodi-
ment of an ultrasound transducer probe for intravascular
operation having a concave front surface with five front
surface facets.

[0044] FIG. 3B shows a schematic diagram of an embodi-
ment of an ultrasound transducer probe for intravascular
operation having a convex front surface with four front
surface facets.

[0045] FIG. 4A shows ultrasound radiation patterns of a
typical round transducer tip FIG. 4B shows ultrasound
radiation patterns of an ultrasound transducer probe having
a concave front surface with five front surface facets.
[0046] FIG. 5 shows a diagram of another embodiment of
an ultrasound transducer probe.

[0047] FIG. 6 shows an embodiment of an intravascular
ultrasonic sensor system comprising an intravascular sensor
device, a power source and a signal processing unit.
[0048] FIG. 7 shows another embodiment of an intravas-
cular ultrasonic sensor system.

[0049] FIG. 8 shows another embodiment of an intravas-
cular ultrasonic sensor system including a pressure sensor,
[0050] FIG. 9 shows another embodiment of an intravas-
cular ultrasound transducer probe.

DETAILED DESCRIPTION OF EMBODIMENTS

[0051] Assessing the hemodynamic significance of car-
diovascular and peripheral vascular disease by intravascular
flow measurement has been shown beneficial to guide
treatment of atherosclerotic disease. Especially, in the coro-
nary arteries large clinical trials have proven that decision-
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making based on pressure and flow measurements improves
clinical outcome compared to angiography alone.

[0052] Guidewires with a Doppler ultrasound (US) sensor
were developed more than two decades ago and are
equipped with a single element piezoelectric ultrasound
transducer based on Lead zirconate titanate (PZT). With
these devices an US pulse can be sent and received. By
analysis of the frequency difference between the sent and
received signals, the blood velocity in a specific sampling
area can be deduced as in standard ultrasound pulsed Dop-
pler measurements.

[0053] FIG. 1A shows a typical ultrasonic sensor device
100 known from the prior art, as inserted into a blood vessel
102 of a living being. The ultrasonic sensor device 100
comprises a body section 104 in the form of a guidewire and
a transducer tip 106. The ultrasonic sensor device can be
used for ultrasonic imaging and/or for ultrasonic Doppler
measurements in determining a time dependence of blood
flow velocity inside the vessel, for instance in the coronary
arteries. A diagram showing a typical plot of the blood flow
velocity as a function of time within a sample volume 110
as resulting from such an ultrasonic measurement is shown
in FIG. 1B. The maximum velocity at each time that is
measured is used as a surrogate for the flow. Typically, the
maximum blood flow velocity is measured close to the
center line of the vessel.

[0054] FIG. 2A shows the typical ultrasonic sensor device
100 under misalignment of the transducer probe. Consider-
ing that a location or orientation of a tip of the guide-wire
can vary during a measurement, especially in coronary
arteries which are located on the beating heart, this mis-
alignment issue can make it very difficult to get a reliable
peak velocity signal. FIG. 2B shows a determined maximum
blood flow velocity as a function of time 202 under the
measurement conditions shown in FIG. 2A compared to the
maximum blood flow velocity 108 determined under the
measuring conditions shown in FIG. 1A. In the former case,
the sample volume 200 does not contain the regions where
blood flows at a maximum flow velocity. Such a misalign-
ment may also lead to suboptimal signal-to-noise ratio
which will also difficult the determination of the maximum
flow velocity.

[0055] The ultrasonic transducer probe of this invention is
advantageously designed to increase the reliability of the
determination of the maximum blood flow velocity by
increasing the effective sample volume in which the blood
flow velocity can be determined, as is will be explained in
the following.

[0056] FIG. 3A shows a schematic diagram of an embodi-
ment of an ultrasound transducer probe 300 for intravascular
operation. The ultrasound transducer probe comprises a
faceted distal front surface 302 for ultrasound emission and
reception and comprises five neighboring front surface fac-
ets, two of which are labeled 304.4 and 304.5in FIG. 3. Each
of the five front surface facets carries respective sub-arrays
of capacitive micromachined ultrasound transducer
(CMUT) elements. For example, CMUT element 308 is an
element of a sub-array 306 that is located on the front
surface facet 304.a. The sub-arrays of CMUT elements thus
form a faceted array of CMUT elements that are distributed
over the distal front surface 302. In a variant, instead of
CMUT elements, piezoelectric micromachined ultrasound
transducer (PMUT) elements are used.
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[0057] According to the invention, at least two of the
facets are not parallel to each other. In other words, at least
two facets have normal vectors at are not parallel to each
other, making that that the direction of ultrasound transmis-
sion and reception of these two facets are in mutually
different directions.

[0058] The front surface facets of the ultrasound trans-
ducer probe 300 of FIG. 3A are formed by individual rigid
carrier islands, such as 310.a and 310.5, wherein each of the
carrier islands comprise at least one of the sub-arrays of
CMUT or PMUT elements. The front surface 302 of the
ultrasound transducer probe presented in FIG. 3A has a
concave shape as a whole.

[0059] An alternative ultrasound transducer probe is
shown in FIG. 3B. The ultrasound transducer probe 312 has
a distal front surface that is as a whole convex. The front
surface of the ultrasound transducer probe is formed by 4
neighboring front surface facets, two of which are labeled
314.a and 314.5. Each front surface facet carries a respective
sub-array of CMUT or PMUT elements 316 that form a
faceted array of CMUT or PMUT elements distributed over
the front surface.

[0060] The ultrasound radiation patterns of a typical round
transducer tip such as the one described with reference to
FIGS. 1A and 2A and of an ultrasound transducer probe such
as the one of FIG. 3 are shown in FIGS. 4A and 4B
respectively. FIG. 4A presents a schematic diagram showing
the radiation pattern at a given radiation intensity plotted
versus the axial distance (d) and the radial distance (r). The
radiation pattern is produced by a radiation source 402 in the
form of a typical round transducer tip without any facetted
front surface (e.g. transducer tip 106 of FIGS. 1A and 2A).
FIG. 4B presents another schematic diagram showing the
radiation pattern at a given radiation intensity plotted versus
the axial distance (d) and the radial distance (r). The radia-
tion pattern is in this case produced a radiation source 404
in the form of an ultrasonic transducer probe comprising a
faceted distal front surface including five front surface facets
at 30° with respect to a longitudinal symmetry axis, and thus
presenting a front surface that is as a whole concave. The
region of interest is given by the dotted lines in both graphs.
The saniple volume shown in FIG. 4A as a lined region at
the intersection of the region of interest and the radiation
pattern has a smaller size than the sample volume shown in
FIG. 4B (also the lined region at the intersection of the
region of interest and the respective radiation pattern).
[0061] Therefore, the geometrical configuration of the
ultrasound transducer probe having a faceted distal front
surface is advantageously designed to increase a beam angle
of the radiation pattern and, in turn, to increase the sample
volume, thus increasing the probability of sampling a vessel
region with the maximum blood flow velocity.

[0062] FIG. 5 shows another embodiment of an ultrasound
transducer probe 500 also having 5 front surface facets, each
comprising a respective sub-array 501 of CMUT elements.
As before, PMUT elements could be employed in the
alternative. For the purpose of simplicity, the following
description will be based on the example of sub-arrays of
CMUT elements. The front surface facets are formed by
individual rigid carrier islands, such as for example 502.a
and 502.5. All carrier islands are connected to each other
mechanically by a flexible insulating material 504, such as,
for example a polyimide film. The polyimide film can be
arranged on the front side or on the back side of the carrier
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islands. In the present embodiment it is shown to be mainly
arranged on the back side. However, as shown in the context
of other embodiments, an arrangement on the front side is
also possible. The rigid carrier island contains respective
contact interfaces (not shown) for electrically connecting the
respective sub-arrays of CMUT elements. The flexible mate-
rial 504 contains electrical interconnect lines 508 that elec-
trically connect the contact interfaces of the different sub-
arrays. The flexible material 504 thus also forms a flexible
interconnect bus 506 that electrically connects the contact
interfaces of the carrier islands to a rigid contact island 510.
This rigid contact island comprises a contact interface 512
for connection of the array of CMUT elements to an external
power supply (not shown) and to an external signal pro-
cessing unit (not shown). The external power supply is
configured to drive transmission of ultrasound radiation
from the CMUT elements of the respective sub-array and the
external signal processing unit is configured to receive
transducer signals indicative of ultrasound radiation
received by the CMUT elements of the respective sub-
arrays. In these embodiments, the electrical connection
between the electronics on the CMUT array side and the
power source and the signal processing unit that typically
include patch cables takes place on the rigid contact island,
which contains the contact interface, for example, in the
form of bonding pads.

[0063] The rigid carrier islands connected with the flexible
electrically insulating material, namely the polyimide film
forming hinges that enable a variation of the orientation of
the single carrier islands and that include embedded elec-
trical interconnects. These polyimide film with embedded
interconnects can be advantageously manufactured using a
F2R (flex-to-rigid) technique. F2R is a platform that allows
for the fabrication of miniature and flexible sensor assem-
blies for minimally invasive medical instruments such as
catheters and guidewires. Devices fabricated on silicon
wafers are transferred onto polyimide and partially rendered
flexible by means of a two-step backside silicon deep
reactive ion etching. The flexibility allows for the devices to
be folded into, or wrapped around the tip of the instruments.
The fabrication of the whole assembly is based on standard
integrated circuit manufacturing technologies so that it is
possible to scale the devices down to the dimension of the
smallest guidewires.

[0064] Other ultrasonic transducer probes include rigid
carrier islands that contain respective contact interfaces for
electrically connecting the respective sub-arrays of CMUT
elements by electrical wires to an external power source and
to an external signal processing unit. These electrical contact
interfaces are, in some embodiments, vias that transverse the
rigid carrier island and that may be arranged at a back side
or at a lateral surface of the carrier island. In these particular
embodiments, the electrical connection between the sub-
arrays of CMUT elements and the patch cables that are
electrically connected to the power source and to the signal
processing unit takes place directly at the rigid carrier
islands.

[0065] FIG. 6 shows an embodiment of an ultrasonic
sensor device 600 for intravascular operation. The ultrasonic
sensor device 600 comprise a sensor body 602 that is
suitable for insertion into a blood vessel of a living being and
an ultrasound transducer probe 604 for emission ultrasound
radiation and reception of corresponding ultrasound echo
radiation. The ultrasound transducer probe 604 is arranged at
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a distal end of the sensor body 602, which can be, for
example, a catheter (particularly a microcatheter) or a guide-
wire. The ultrasound transducer probe 604 comprises a front
surface having five front surface facets that form a concave
front surface. Other ultrasound transducer probes may com-
prise a different number of surface facets and/or a different
geometrical configuration including a convex front surface.
Ultrasound transducer probes having a convex front surface
produce radiation with a larger beam angle, and therefore
provide a larger sample volume, but are more difficult to
manufacture and integrate than ultrasound transducer probes
with a concave front surface.

[0066] The CMUT faceted array of CMUT elements
formed by a plurality of facets such as 606 are electrically
connected to interconnect lines (not shown) that are
arranged on a flexible material that forms a flexible inter-
connect bus 608 that connects to a rigid contact island 610.
The rigid contact island is further connected to an external
power source 612 by means of a power transmission line
614. The rigid contact island is also connected to an external
signal processing unit 616 via a signal transmission line 618.
The power source 612 drives the transmission of ultrasound
radiation from the ultrasound transducer probe 604 whereas
the signal processing unit receives transducer signals indica-
tive of ultrasonic radiation received by the CMUT elements.
As in previous embodiments, a PMUT faceted array of
PMUT elements could be used in the alternative.

[0067] The intravascular ultrasonic sensor device 600,
together with the power source 612 and the signal process-
ing unit 616 form an exemplary embodiment of an intra-
vascular sensor system 620.

[0068] In some intravascular sensor systems, such as 620,
the signal processing unit comprises a pre-processing unit
622 arranged within the sensor body 602 and configured to
receive the transducer signals and to provide a pre-processed
output signal indicative thereof. The signal processing unit
is advantageously arranged on the bonding stage 610 and
may include an application specific integrated circuit that
enables signal amplification or any other particular kind of
signal processing.

[0069] Some intravascular ultrasound sensor systems 700,
such as the one depicted in FIG. 7 also comprise a beam
control unit 702 arranged within the sensor body 703,
preferably on the rigid contact island 704 which connects the
array of MUT elements of the ultrasound transducer probe
706 to the power source 708 and the signal processing umt
710 via a power transmission line 711.a and signal trans-
mission line 711.5. The beam control unit 702 is configured
to control a respective phase of ultrasound emission from a
number of MUT elements independently in accordance with
a pre-selectable beam pattern to be emitted by the ultrasound
transducer probe. These intravascular ultrasound sensor sys-
tems can be thus configured to control the emission of
ultrasound radiation from a sub-array of MUT elements
independently of each other. Some of these intravascular
ultrasound sensor systems can be further configured to
control the emission of ultrasound radiation for each MUT
element or for a predetermined set of MUT elements inde-
pendently. These intravascular ultrasound sensor systems
are advantageously configured to control the emission of
ultrasound radiation by controlling which of the MUT
elements provides ultrasound radiation at a given time, thus
enabling an electronic beam steering of the ultrasound
radiation.
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[0070] Yet other intravascular sensor systems include an
intravascular ultrasonic sensor device such as the one shown
in FIG. 8. The intravascular ultrasonic sensor device 800
comprises a sensor body 802 and an ultrasound transducer
probe 804 comprising a faceted distal front surface, such as
the one described with reference to FIG. 3. These intravas-
cular ultrasonic sensor devices further comprise a pressure
sensor 806 arranged on the sensor body and configured to
provide a pressure signal indicative of an amount of blood
pressure detected in the blood vessel. The pressure signal is
provided also to the signal processing unit via a signal
transmission line 808. These intravascular sensor systems
are advantageously configured to enable the determination
of both blood pressure and blood flow velocity and therefore
enable an assessment of a resistance to blood flow of a given
local narrowing of the vessel and of its microcirculation.
[0071] FIG. 9 shows another exemplary ultrasound trans-
ducer probe 900. The ultrasound transducer probe 900 is
advantageously designed for intravascular operation. It com-
prises three front surface facets formed by individual carrier
islands 902.q, 902.5 and 902.c. Each carrier island com-
prises one sub-array of MUT elements. For instance, carrier
island 902.c comprises sub-array of MUT elements 904.
Each sub-array comprises a plurality of micromachined
ultrasonic transducer elements such as ultrasonic transducer
element 906. The carrier islands 902.a, 902.5 and 902.c are
connected to each other mechanically by a flexible electrical
insulating material 908. In this particular ultrasound trans-
ducer probe, the flexible electrical insulating material con-
tains electrical interconnect lines 910 for electrically con-
necting contact interfaces of the carrier islands. These
connections are not shown in FIG. 9 for the sake of clarity,
but their implementation is known for the person skilled in
the art.

[0072] The electrically insulating material is in this ultra-
sound transducer probe arranged on a front side of the carrier
islands 902.a, 902.6 and 902.c, where the MUT elements are
arranged, and substantially in the same plane as the MUT
elements. The electrically insulating material is in this
particular ultrasound transducer probe advantageously
shaped not to interfere with the ultrasound emission and
reception.

[0073] The ultrasound transducer probe 900 is shown in
FIG. 9 in a flat state in which the MUT elements are pointing
in a direction x substantially perpendicular to a longitudinal
direction y of the probe. This state facilitates the insertion of
the ultrasound probe in the vessel. During operation, how-
ever, the ultrasound probe is preferably in a state in which
the facets are pointing in a direction substantially parallel to
the longitudinal direction y of the probe. Examples of a
similar geometrical configuration are shown in FIGS. 6, 7
and 8.

[0074] In the ultrasound probe 900 the electrical intercon-
nect lines 910 are embedded in the flexible electrical insu-
lating material 908 forming a trunk 912 that is connected to
the facets at a central region of the front surface formed by
the carrier islands. In the flat state shown in FIG. 9, the trunk
is located at a gap between facets 902.5 and 902.c. The trunk
is not connected to the sides of the facets 902.5 and 902.c to
allow for a movement of the trunk relative to them. The
trunk and the facets are configured to be turned relatively to
each other so as to achieve a position in which the facets are
pointing in a direction substantially perpendicular to the
direction x of the trunk.
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[0075] The relative orientation of the individual facets can
further be set to achieve the desired geometrical configura-
tion of the front surface, for instance a convex or a concave
front surface. The maximal degree of convexity or concavity
depends on a size of the gap between the facets at the sides
the trunk in the flat state, i.e. facets 902.5 and 902.¢ in FIG.
9. In a preferred geometrical state upon operation showing
a highest degree of symmetry, the sides or facets 902.5 and
902.c are in contact.

[0076] Insome intravascular ultrasonic devices, the power
transmission line is either configured for transmission of
electrical power or for transmission of optical power, and the
signal transmission line is either configured for transmission
of electrical transducer signals or for transmission of optical
transducer signals. In cases where either optical power or
optical transducer signals are exchanged, the intravascular
ultrasonic sensor comprises an electro-optical power or an
electro-optical signal converter respectively that is suitably
located in the tip region of the intravascular ultrasonic
device.

[0077] Other variations to the disclosed embodiments can
be understood and effected by those skilled in the art in
practicing the claimed invention, from a study of the draw-
ings, the disclosure, and the appended claims.

[0078] 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.

[0079] Any reference signs in the claims should not be
construed as limiting the scope.

1. An ultrasound transducer probe for intravascular opera-
tion, comprising a faceted distal front surface for ultrasound
emission and reception, which has a plurality of flat front
surface facets carrying respective sub-arrays of microma-
chined ultrasonic transducer elements, hereinafter MUT
elements, wherein:

the front surface facets are formed by individual rigid

carrier islands, each carrier island comprising at least
one of the sub-arrays of MUT elements, and

the carrier islands are connected to each other mechani-

cally by a flexible electrically insulating material,
each of the plurality of front surface facets have normal
vectors that are not parallel to each other.

2. The ultrasound transducer probe of claim 1, wherein the
front surface as a whole is concave.

3. The ultrasound transducer probe of claim 1, wherein the
front surface as a whole is convex.

4. The ultrasound transducer probe of claim 1, wherein

the rigid carrier islands contain respective contact inter-

faces for electrically connecting the respective sub-
arrays of MUT elements; and wherein

the flexible material contains electrical interconnect lines

that electrically connect the contact interfaces of the
different sub-arrays to each other.

5. The ultrasound transducer probe of claim 1, wherein

the rigid carrier islands contain respective contact inter-

faces for electrically connecting the respective sub-
arrays of MUT elements; and further comprising

a flexible interconnect bus that electrically connects the

contact interfaces of the carrier islands to a rigid
contact island; wherein

the rigid contact island comprises a contact interface for

connection of the array of MUT elements to an external
power source that drives transmission of ultrasound
radiation from the MUT elements of the respective
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sub-array, and for connection to an external signal
processing device that receives transducer signals
indicative of ultrasound radiation received by the MUT
elements of the respective sub-array.

6. The ultrasound transducer probe of claim 1, wherein

the rigid carrier islands contain respective contact inter-

faces for electrically connecting the respective sub-
arrays of MUT elements; and wherein

the sub-arrays of MUT elements are connected by elec-

trical wires to an external power source that drives
transmission of ultrasound radiation from the MUT
elements of the respective sub-array, and for connec-
tion to an external signal processing device that
receives transducer signals indicative of ultrasound
radiation received by the MUT elements of the respec-
tive sub-array.

7. An intravascular ultrasonic sensor device for intravas-
cular operation, comprising;

a sensor body suitable for insertion into a blood vessel of

a living being; and

an ultrasound transducer probe according to claim 1 at a

distal end of the sensor body.

8. The intravascular ultrasonic sensor device of claim 7,
wherein the sensor body comprises an intravascular guide-
wire or an intravascular catheter that comprises a power
transmission line for connection of the ultrasound transducer
probe to an external power source that drives transmission of
ultrasound radiation from the ultrasound transducer probe,
and a signal transmission line for connection to an external
signal processing device that receives transducer signals
indicative of ultrasound radiation received by the MUT
elements of the respective sub-array.

9. The intravascular ultrasonic sensor device of claim 8,
wherein the power transmission line is either configured for
transmission of electrical power or for transmission of
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optical power, and wherein the signal transmission line is
either configured for transmission of electrical transducer
signals or for transmission of optical transducer signals.

10. The intravascular ultrasonic sensor device of claim 7,
further comprising a pressure sensor arranged on the sensor
body and configured to provide a pressure signal indicative
of an amount of blood pressure detected in the blood vessel.

11. An intravascular ultrasonic sensor system, compris-
ing:

an intravascular ultrasonic sensor device of claim 7;

a power supply device configured to provide operational

power to the intravascular ultrasonic sensor device; and

a signal processing unit configured to receive transducer

signals indicative of ultrasound echo signals received
by the MUT elements and to provide a processed output
signal indicative thereof.

12. The intravascular ultrasonic sensor system of claim
11, wherein the signal processing unit comprises a pre-
processing unit arranged within the sensor body and con-
figured to receive the transducer signals and to provide a
pre-processed output signal indicative thereof.

13. The intravascular ultrasound sensor system of claim
11, further comprising a beam control unit, which is con-
figured to control a respective phase of ultrasound emission
from a number of MUT elements independently in accor-
dance with a pre-selectable beam pattern to be emitted by the
ultrasound transducer probe.

14. The ultrasound transducer probe of claim 2, wherein
the front surface facets have surface vectors that extend at an
angle of between 20° and 40° with respect to a central
longitudinal axis of the ultrasound transducer probe. extend-
ing in forward direction from the distal front surface.

15. The ultrasound transducer probe of claim 14, wherein
the angle is 30°.
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