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TISSUE AND VASCULAR PATHWAY MAPPING UTILIZING
PHOTOACOUSTIC AND ULTRASOUND TECHNIQUES

TECHNICAL FIELD

[0001]  The present disclosure relates generally to imaging and mapping vascular pathways

and surrounding tissue with photoacoustic and ultrasound modalities.

BACKGROUND

[0002] Innovations in diagnosing and verifying the level of success of treatment of disease
have migrated from external imaging processes to internal diagnostic processes. In particular,
diagnostic equipment and processes have been developed for diagnosing vasculature blockages
and other vasculature discase by means of ultra-miniature sensors placed upon the distal end of a
flexible measurement apparatus such as a catheter, or a guide wire used for catheterization
procedures. For example, known medical sensing techniques include angiography, intravascular
ultrasound (IVUS), forward looking IVUS (FL-IVUS), fractional flow reserve (FFR)
determination, a coronary flow reserve (CFR) determination, optical coherence tomography
(OCT), trans-esophageal echocardiography, and image-guided therapy.

[0003]  For example, intravascular ultrasound (IVUS) imaging is widely used in interventional
cardiology as a diagnostic tool for assessing a diseased vessel, such as an artery, within the human
body to determine the need for treatment, to guide the intervention, and/or to assess its
effectiveness. There are two general types of IVUS devices in use today: rotational and solid-state
(also known as synthetic aperture phased array). For a typical rotational IVUS device, a single
ultrasound transducer element is located at the tip of a flexible driveshaft that spins inside a plastic
sheath inserted into the vessel of interest. In side-looking rotational devices, the transducer
clement is oriented such that the ultrasound beam propagates generally perpendicular to the
longitudinal axis of the device. In forward-looking rotational devices, the transducer element is
pitched towards the distal tip so that the ultrasound beam propagates more towards the tip (in some
devices, being emitted parallel to the longitudinal centerline). The fluid-filled sheath protects the
vessel tissue from the spinning transducer and driveshaft while permitting ultrasound signals to
propagate from the transducer into the tissuec and back. As the driveshaft rotates, the transducer is
periodically excited with a high voltage pulse to emit a short burst of ultrasound. The same

transducer then listens for the returning echoes reflected from various tissue structures. The IVUS
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medical sensing system assembles a two dimensional display of the tissue, vessel, heart structure,
etc. from a sequence of pulse/acquisition cycles occurring during a single revolution of the
transducer. In order to image a length of a vessel, the transducer element is drawn through the
vessel as it spins.

[0004] In contrast, solid-state IVUS devices utilize a scanner assembly that includes an array
of ultrasound transducers connected to a sct of transducer controllers. In side-looking and some
forward-looking IVUS devices, the transducers are distributed around the circumference of the
device. In other forward-looking IVUS devices, the transducers are a linear array arranged at the
distal tip and pitched so that the ultrasound beam propagates closer to parallel with the longitudinal
centerline. The transducer controllers sclect transducer sets for transmitting an ultrasound pulse
and for receiving the echo signal. By stepping through a sequence of transmit-receive sets, the
solid-state IVUS system can synthesize the effect of a mechanically scanned transducer element
but without moving parts. Since there is no rotating mechanical element, the transducer array can
be placed in direct contact with the blood and vessel tissue with minimal risk of vessel trauma.
Furthermore, because there is no rotating element, the interface is simplifled. The solid-state
scanner can be wired directly to the medical sensing system with a simple electrical cable and a
standard detachable electrical connector. While the transducers of the scanner assembly do not
spin, operation is similar to that of a rotational system in that, in order to image a length of a vessel,
the scanner assembly is drawn through the vessel while stepping through the transmit-receive sets
to produce a series of radial scans.

[0005] Rotational and solid-state state IVUS are merely some examples of imaging modalities
that sample a narrow region of the environment and assemble a two- or three-dimensional image
from the results. Other examples include optical coherence tomography (OCT), which has been
used in conjunction with ultrasound systems. One of the key challenges using these modalities
with in a vascular pathway is that they are limited in gathering data on anatomy beyond the vessel
walls. Although OCT imaging may yield higher resolution than IVUS imaging, OCT has
particularly limited penctration depth and may take more time to image a region of tissue.

[0006]  Another recent biomedical imaging modality is photoacoustic imaging. Photoacoustic
imaging devices deliver a short laser pulse into tissue and monitor the resulting acoustic output
from the tissue. Due to varying optical absorption throughout the tissue, pulse energy from the

laser pulse causes differential heating in the tissue. This heating and associated expansion leads to
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the creation of sound waves corresponding to the optical absorption of the tissue. These sound
waves can be detected and an image of the tissue can be generated through analysis of the sound
waves and associated vascular structures can be identified, as described in U.S. Patent Publication
2013/0046167 titled “SYSTEMS AND METHODS FOR IDENTIFYING VASCULAR
BORDERS,” which is hereby incorporated by reference in its entirety.

[0007[  Accordingly, for these reasons and others, the need exists for improved systems and

techniques that allow for the mapping of vascular pathways and surrounding tissue.
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SUMMARY

[0008] Embodiments of the present disclosure provide devices, systems, and methods that
combine photoacoustic and IVUS imaging techniques. The devices, systems, and methods may
be used to image and/or map vascular pathways and surrounding tissue.

[0009] In some embodiments, a medical sensing system is provided comprising one or more
laser emitters configured to emit laser pulses to tissue of a patient in a region of interest; a
measurement apparatus configured to be placed within a vascular pathway in the region of interest,
wherein the measurement apparatus comprises at least one transducer, wherein the measurement
apparatus is configured to: receive sound waves generated by the tissue as a result of interaction
of the laser pulses with the tissue; transmit ultrasound signals; and receive ultrasound echo signals
based on the transmitted ultrasound signals; a processing engine in communication with the
measurement apparatus, the processing engine operable to produce an image of the region of
interest based on the received sound waves and the received ultrasound echo signals; and a display
in communication with the processing engine, the display configured to visually display the image
of the region of interest.

[0010[ In some embodiments, the measurement apparatus further comprises at least one
ultrasound transducer configured to transmit ultrasound signals and receive ultrasound echo
signals based on the transmitted ultrasound signals. The at least one ultrasound transducer may
be further conflgured to receive sound waves generated by the tissue as a result of interaction of
the laser pulses with the tissue. In some embodiments, the measurement apparatus further
comprises at least one photoacoustic transducer configured to receive sound waves generated by
the tissue as a result of interaction of the laser pulses with the tissue. The measurement
apparatus may further comprise at least one photoacoustic transducer conflgured to receive
sound waves generated by the tissue as a result of interaction of the laser pulses with the tissue.
[0011] In some embodiments, one or more laser emitters are disposed outside the body of the
patient. The region of interest may comprise the vascular pathway and a region of tissue
surrounding the vascular pathway. In some embodiments, the at least one photoacoustic
transducer and the at least ultrasound transducer are configured to alternate in measuring sound
waves and ultrasound echo signals, wherein during the time that the at least one photoacoustic
transducer and the at least one ultrasound transducer is measuring sound waves or ultrasound

echo signals, the other of the at least one photoacoustic transducer and the at least one ultrasound
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transducer does not measure sound waves or ultrasound echo signals. The processing engine
may be further operable to control the operation of the at least one transducer, may be operable
to activate the at least one transducer to transmit ultrasound signals, and may be operable to
activate the at least one transducer to receive at least one of the sound waves and the ultrasound
echo signals.

[0012] In some embodiments, the at least one transducer is disposed circumferentially
around a distal portion of the measurement apparatus. The at least one transducer may be
coupled to a drive member that rotates the at least one transducer around a longitudinal axis of
the measurement apparatus. The apparatus may comprise two or more laser emitters conflgured
to emit laser pulses to tissue of the patient in the region of interest, and the two or more laser
emitters may be configured to emit laser pulses simultaneously.

[0013] In some embodiments, at least one of the two or more laser emitters is configured to
emit laser pulses at an oblique angle with respect to a longitudinal axis of the measurement
apparatus. The one or more laser emitters may be disposed on an array outside the body of the
patient. Furthermore, the array may have an arcuate shape.

[0014]  In some embodiments, method of producing an image of a region of interest is
provided, comprising: transmitting, with a laser source disposed outside a body of a patient, a
focused laser pulse on tissue in a region of interest having at least one vascular pathway;
receiving, with at least one photoacoustic sensor positioned within the vascular pathway of the
region of interest, sound waves generated by the tissue in response to an interaction of the
focused laser pulse with the tissue; transmitting, with at least one ultrasound transducer
positioned within the vascular pathway of the region of interest, ultrasound signals toward the
tissue in the region of interest; receiving, with the at least one ultrasound transducer positioned
within the vascular pathway of the region of interest, ultrasound echo signals of the transmitted
ultrasound signals; producing an image of the region of interest based on the received sound
waves and the received ultrasound echo signals; and outputting the image of the region of
interest to a display.

[0015] In some embodiments, the method further comprises rotating at least one of the at least
one photoacoustic sensor and the at least one ultrasound transducer within the vascular pathway
about a longitudinal axis of an intravascular device to which the at least one photoacoustic sensor

and/or the at least one ultrasound transducer is coupled. The method may also comprise positioning
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two or more laser sources outside the body of the patient around the region of interest. In some
embodiments, the method further comprises positioning the two or more laser sources in an arcuate
array outside the body of the patient around the region of interest. The two or more laser sources
may transmit focused laser pulses simultaneously.

[0016] Additional aspects, features, and advantages of the present disclosure will become

apparent from the following detailed description.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0017] Illustrative embodiments of the present disclosure will be described with reference to
the accompanying drawings, of which:

[0018]  Fig lA is a diagrammatic schematic view of a medical sensing system according to
some embodiments of the present disclosure.

[0019]  Fig IB is a diagrammatic schematic view of a medical sensing system according to
some embodiments of the present disclosure.

[0020] Fig 1C is a diagrammatic schematic view of a medical sensing system with an
exemplary sensor array according to some embodiments of the present disclosure.

[0021]  Fig 1D is a diagrammatic schematic view of a medical sensing system with another
exemplary sensor array according to some embodiments of the present disclosure.

[0022]  Fig.2is adiagrammatic, perspective view of a vascular pathway and surrounding tissue
with an instrument positioned within the pathway and an external emitter according to an
embodiment of the present disclosure.

[0023]  Fig. 3 is adiagrammatic, perspective view of a vascular pathway and surrounding tissue
with an instrument positioned within the pathway and two external emitters according to an
embodiment of the present disclosure.

[0024]  Fig.4 is adiagrammatic, perspective view of a vascular pathway and surrounding tissue
with an instrument positioned within the pathway and an external emitter array according to an
embodiment of the present disclosure.

[0025] Fig. 5 is a flow diagram of a method for mapping a vascular pathway with

photoacoustic and ultrasound modalities according to some embodiments of the present disclosure.

DETAILED DESCRIPTION

[0026] For the purposes of promoting an understanding of the principles of the present
disclosure, reference will now be made to the embodiments illustrated in the drawings, and specific
language will be used to describe the same. It is nevertheless understood that no limitation to the
scope of the disclosure is intended. Any alterations and further modiflcations to the described
devices, systems, and methods, and any further application of the principles of the present
disclosure are fully contemplated and included within the present disclosure as would normally

occur to one skilled in the art to which the disclosure relates. For example, while the intravascular
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sensing system is described in terms of cardiovascular imaging, it is understood that it is not
intended to be limited to this application. The system is equally well suited to any application
requiring imaging within a lumen or cavity of a patient. In particular, it is fully contemplated that
the features, components, and/or steps described with respect to one embodiment may be combined
with the features, components, and/or steps described with respect to other embodiments of the
present disclosure. For the sake of brevity, however, the numerous iterations ofthese combinations
will not be described separately.

[0027]  Fig. 1A is a diagrammatic schematic view of a medical sensing system 100 according
to some embodiments of the present disclosure. The medical sensing system 100 may include a
measurement apparatus 102 (such as a catheter, guide wire, or guide catheter). As used herein,
“measurement apparatus” or “flexible measurement apparatus” includes at least any thin, long,
flexible structure that can be inserted into the vasculature of a patient. While the illustrated
embodiments of the “measurement apparatus” of the present disclosure have a cylindrical proflle
with a circular cross-sectional proflle that defines an outer diameter of the flexible measurement
apparatus 102, in other instances, all or a portion of the flexible measurement apparatus 102 may
have other geometric cross-sectional proflles (e.g., oval, rectangular, square, elliptical, etc.) or non-
geometric cross-sectional profiles. Flexible measurement apparatus 102 may include, for example,
guide wires, catheters, and guide catheters. In that regard, a catheter may or may not include a
lumen extending along all or a portion of its length for receiving and/or guiding other instruments.
If the catheter includes a lumen, the lumen may be centered or offset with respect to the cross-
sectional profile of the device.

[0028] The medical sensing system 100 may be utilized in a variety of applications and can be
used to assess vessels and structures within a living body. To do so, the measurement apparatus
102 is advanced into a vessel 104. Vessel 104 represents fluid filled or surrounded structures, both
natural and man-made, within a living body that may be imaged and can include for example, but
without limitation, structures such as: organs including the liver, heart, kidneys, as well as valves
within the blood or other systems ofthe body. In addition to imaging natural structures, the images
may also include man-made structures such as, but without limitation, heart valves, stents, shunts,
filters and other devices positioned within the body. The measurement apparatus 102 includes one
or more sensors 106 disposed along the length of the apparatus 102 to collect diagnostic data

regarding the vessel 104. In various embodiments, the one or more sensors 106 correspond to
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sensing modalities such as IVUS imaging, pressure, flow, OCT imaging, transesophagecal
echocardiography, temperature, other suitable modalities, and/or combinations thereof.

[0029] In the exemplary embodiment of Fig. 1A, the measurement apparatus 102 includes a
solid-state IVUS device, and the sensors 106 include one or more IVUS ultrasound transducers
and/or photoacoustic transducers and associated control. As used herein, a “photoacoustic
transducer” includes at least a sensor configured to detect photoacoustic waves gencrated as a
result of the interaction of optical pulses with tissue. In one embodiment, a photoacoustic
transducer utilizes the same ultrasound detection mechanism as an IVUS ultrasound transducer.
In some implementations, a single transducer can serve as both an IVUS transducer and a
photoacoustic transducer. In another embodiment, a photoacoustic transducer uses a dedicated
photoacoustic wave detection mechanism distinct from that of an IVUS ultrasound transducer.
The system of Fig. | A may include aspects of phased-array IVUS devices, systems, and methods
associated with the Eagle Eye® Platinum catheter available from Volcano Corporation as well as
those described in U.S. Patent No. 7,846,101 and/or U.S. Patent Application No. 14/812,792, filed
July 29, 2015, each of which is hereby incorporated by reference in its entirety.

[0030] The sensors 106 may be arranged around the circumference of the measurement
apparatus 102 and positioned to emit ultrasound energy radially 110 in order to obtain a cross-
sectional representation of the vessel 104 and the surrounding anatomy. When the sensors 106 are
positioned near the area to be imaged, the control circuitry selects one or more IVUS transducers
to transmit an ultrasound pulse that is reflected by the vessel 104 and the surrounding structures.
The control circuitry also selects one or more transducers to receive the ultrasound echo signal.
By stepping through sequences of transmit-receive sets, the medical sensing system 100 system
can synthesize the effect of a mechanically scanned transducer element without moving parts.
[0031] In one embodiment, the sensors 106 are disposed circumferentially around a distal
portion of the measurement apparatus 102. In another embodiment, the sensors 106 are contained
within the body of the measurement apparatus 102. In other embodiments, the sensors 106 are
disposed radially across the measurement apparatus 102, on a movable drive member connected
to the measurement apparatus 102, or on one or more planar arrays connected to the measurement
apparatus 102.

[0032] In some embodiments, the processing engine 134, which may be included in the

console 116, combines the imaging data acquired from both the IVUS and photoacoustic
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modalities into a single visualization. This use of both IVUS and photoacoustic modalitics may
provide a number of advantages over traditional systems using a single modality. First, the
addition of photoacoustic sensors may allow for higher resolution mapping than traditional IVUS
methods alone. Second, the combination of IVUS and photoacoustic modalities may allow for
faster imaging speeds than OCT imaging or other methods. Third, the combination may allow for
two-dimensional and/or three-dimensional imaging of the tissue surrounding vascular pathways.
Fourth, the use of photoacoustic imaging may expand the diagnostic scope of an IVUS mapping
procedure by including more of the surrounding tissue. In particular, the combined IVUS and
photoacoustic mapping can allow for detection of certain types of cancers, tissue damage, and the
mapping of multiple vascular pathways without sacrificing the dependability of ultrasound in
detecting plaques, stenosis, and other forms of vascular discases. Fifth, combining these two
modalitics may allow substantial costs savings because existing IVUS systems may be adapted to
mapping systems using both modalities. Sixth, due to the interaction of optical pulses with tissue
and the omni-directional emission of photoacoustic waves from the tissue, an optical pulse need
not be emitted along the same axis as the transducer. This allows for more flexibility in carrying
out combined photoacoustic and IVUS procedures, and may allow for precise mapping procedures
even along deep or convoluted vascular pathways. Seventh, the mapping capabilities of the present
disclosure may be integrated with some forms oflaser therapy. For example, diagnosis of diseases
in tissue may be accomplished using the optical emitter in diagnostic mode. After a diagnosis, the
optical emitter can be switched to a treatment mode. In this regard, the map of the vasculature and
surrounding tissue may be used to guide the application of the treatment. After the optical
treatment is finished, the optical emitter can be switched back to diagnostic mode to confirm
treatment of the diseased portion of tissue.

[0033] Sensor data may be transmitted via a cable 112 to a Patient Interface Module (PIM)
114 and to console 116, as well as to the processing engine 134 which may be disposed within the
console 116. Data from the one or more sensors 106 may be received by a processing engine 134
of the console 116. In other embodiments, the processing engine 134 is physically separated from
the measurement apparatus 102 but in communication with the measurement apparatus (e.g., via
wireless communications). In some embodiments, the processing engine 134 is configured to
control the sensors 106. Precise timing of the transmission and reception of signals may be used

to map vascular pathways 104 in procedures using both IVUS and photoacoustic modalities. In
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particular, some procedures may involve the activation of sensors 106 to alternately transmit and
receive signals. In systems using one or more IVUS transducers that are conflgured to receive
both photoacoustic and ultrasound signals, the processing engine 134 may be configured to control
the state (e.g., send/receive) of one or more transducers during the mapping of the vascular
pathway and surrounding tissue.

[0034] Moreover, in some embodiments, the processing engine 134, PIM 114, and console
116 are collocated and/or part of the same system, unit, chassis, or module. Together the
processing engine 134, PIM 114, and/or console 116 assemble, process, and render the sensor data
for display as an image on a display 118. For example, in various embodiments, the processing
engine 134, PIM 114, and/or the console 116 generates control signals to configure the sensor 106,
generates signals to activate the sensor 106, performs ampliflcation, filtering, and/or aggregating
of sensor data, and formats the sensor data as an image for display. The allocation of these tasks
and others can be distributed in various ways between the processing engine 134, PIM 114, and
the console 116.

[0035]  Inaddition to various sensors 106, the measurement apparatus 102 may include a guide
wire exit port 120 as shown in Fig. 1 A. The guide wire exit port 120 allows a guide wire 122 to
be inserted towards the distal end in order to direct the member 102 through a vascular structure
(i.e., the vessel) 104. Accordingly, in some instances the measurement apparatus 102 is a rapid-
exchange catheter. Additionally or in the alternative, the measurement apparatus 102 can be
advanced through the vessel 104 inside a guide catheter 124. In an embodiment, the measurement
apparatus 102 includes an inflatable balloon portion 126 near the distal tip. The balloon portion
126 is open to a lumen that travels along the length of the IVUS device and ends in an inflation
port (not shown). The balloon 126 may be selectively inflated and deflated via the inflation port.
In other embodiments, the measurement apparatus 102 does not include balloon portion 126.
[0036] Fig. 1B is a schematic view of a system that includes an alternative measurement
apparatus 102 according to some embodiments of the present disclosure. The measurement
apparatus 102 of Fig. 1B is typical of a rotational device such as a rotational IVUS ultrasound
system and the one or more sensors 106 include one or more IVUS transducers arranged to emit
ultrasound energy in a radial direction 110, as well as one or more photoacoustic transducers.
Again, a single transducer may serve as both an IVUS transducer and a photoacoustic transducer.

In such an embodiment, the one or more sensors 106 may be mechanically rotated around a

-11-
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longitudinal axis of the measurement apparatus 102 to obtain a cross-sectional representation of
the vessel 104. The system of Fig. 1B may include aspects of rotational IVUS devices, systems,
and methods associated with the Revolution® catheter available from Volcano Corporation as well
as those described in U.S. Patent Nos. 5,243,988, 5,546,948, and &,104,479 and/or U.S. Patent
Application No. 14/837,829, flled August 27, 2015, cach of which is hereby incorporated by
reference in its entirety.

[0037]  Fig. 1C and 1D show alternative sensor arrays 128 that may be used in conjunction
with the measurement apparatus 102 according to some embodiments of the present disclosure. In
particular, the sensor array 128 may include one or more sensors 106 and emitters including IVUS
transducers, IVUS emitters, photoacoustic transducers, and optical emitters. In Fig. 1C, the sensor
array 128 is disposed around the circumference of the measurement apparatus 102. Sensors 106
of two more different types are placed in the sensor array 128. In particular, sensors of a first type
130 are placed in the sensor array 128 with sensors of a second type 132. In the example of Fig.
1C, the sensors of the flrst and second types 130, 132 are disposed on the array 128 in an alternating
manner. In some embodiments, sensors of the first and second types 130, 132 are disposed on the
array 128 in a checkerboard configuration such that individual sensors of the first type 130 are not
adjacent to each other. Additionally, sensors of the flrst and second types 130, 132 may take up
roughly equal proportions of the area of the array 128. Although they appear as square or
rectangular in the example of Fig. 1C, sensors of the flrst and second types 130, 132 may have
circular, clliptical, polygonal, or other shapes. Sensors of the first and second types 130, 132 may
be spaced across the measurement apparatus 120 or they may be placed flush against each other.
[0038]  In the example of Fig. 1D, a sensor array 128 is shown with sensors of two or more
different types 130, 132 disposed in alternating rows. These rows may be disposed axially and
may extend part way or completely around the measurement apparatus 102. In some embodiments,
rows of sensors placed in a staggered formation and the ends of individual rows are not flush. In
some embodiments, rows of sensors are placed adjacent to cach other with no space in between.
Alternatively, rows of sensors are spaced across the measurement apparatus 102 with space
therebetween. In some cases, 2, 3, 4, or 5 rows of alternating sensors are disposed on the
measurement apparatus 102. As discussed above, the array 128 may be configured to rotate around

an axis of the measurement apparatus 102.
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[0039]  The systems of the present disclosure may also include one or more features described
in U.S. Provisional Patent Application Nos. (Attorney Docket No. IVI-0083-PRO /
44755.1587PV01), (Attorney Docket No. IVI-0086-PRO / 44755.1592PVO0l),
(Attorney Docket No. IVI-0087-PRO / 44755.1590PVO0l1), and/or

(Attorney Docket No. IVI-0088-PRO / 44755.1589PV01), cach of which is filed on the same day
herewith and incorporated by reference in its entirety.

[0040] Fig. 2 is a diagrammatic, perspective view of a vascular pathway 104 and surrounding
tissue 210 with a measurement apparatus 102 such as that depicted in Figs. | A-1D disposed within
the vascular pathway 104. An optical emitter 220 is also shown emitting an optical pulse 230
toward an area of interest within the tissue. In some embodiments, the area of interest includes
part of a vascular pathway 104 as well as adjacent tissue. In some embodiments, the optical emitter
220 is a laser source that emits short laser pulses toward the area of interest. These laser pulses
interact with the tissue 210, generating a series of photoacoustic waves 240 that propagate through
the tissue 210 as well as through the vascular pathway 104. The photoacoustic waves 240 are
received by the sensors 106 connected to the measurement apparatus 102. The sensors 106 may
also image and/or map the vascular pathway 104 independently of the photoacoustic waves 240,
by transmitting ultrasound signals toward the vessel walls and receiving the corresponding
reflected ultrasound echoes.

[0041] An operator may move the measurement apparatus 102 through the vascular pathway
104 to image and/or map the vascular pathways 104. In some cases, the optical emitter 220 is
configured to emit optical pulses 230 toward the sensors 106 of the measurement apparatus.
Accordingly, the optical emitter 220 may be moved at a similar speed and direction as the
measurement apparatus 102.

[0042]  Fig. 3 shows a mapping system using two optical emitters 220 that emit optical pulses
toward the sensors 106 of the measurement apparatus 102. In some embodiments, at least one of
the optical emitters 220 is conflgured to emit optical pulses at an oblique angle with respect to a
longitudinal axis of the measurement apparatus 102. The use of two or more optical emitters 220
may allow more accurate mapping of the arca of interest. In particular, the emission of optical
pulses 230 from different sources may generate interference patterns 250 between the
photoacoustic waves 240 emanating from the tissue 210. These interference patterns may be

analyzed by the processing engine 134 to produce additional data points for use in tissue mapping.
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In some embodiments, the optical emitters emit optical pulses into the tissue 210 in different
patterns. In some embodiments, three, four, five, or six optical emitters are used together to map
a region of interest.

[0043] Fig. 4 shows a measurement apparatus 102 disposed within a vascular pathway 104
and surrounding tissue 210. An emitter array 400 comprising a plurality of optical emitters 410 is
disposed around the tissue 210. The example of Fig. 4 shows an emitter array 400 with an arcuate
ring shape. The emitter array 400 may also have a hexagon, octagon, or other polygonal shape,
etc. This shape may allow for placement of the emitter array 400 around an extremity of a patient,
such as around an arm or leg. In other embodiments, the emitter array 400 has one or more flat
surfaces that allow at least a portion of the emitter array 400 to be placed parallel to a flat portion
of tissue 210, such as the abdomen of a patient. In some embodiments, the optical emitters 410
simultancously emit optical pulses 240 into the tissue 210. In other embodiments, the optical
emitters 410 alternatively emit optical pulses 240 into the tissue 210. For example, the emitters
420 may emit pulses consecutively around the circumference of the emitter array 400. The use of
such an emitter array 400 may allow for a faster photoacoustic imaging rates by providing imaging
and/or mapping of a large swath of tissue without rotation of an optical emitter itself, which may
be particularly useful for imaging and/or mapping extremities. Additionally, the use of an emitter
array 400 may allow for the simultaneous production of photoacoustic waves in different areas of
tissue 210 while avoiding destructive interference between waves.

[0044] In one embodiment, a plurality of transducers, cach corresponding to an optical emitter
410 of the emitter array 400, are included in the sensors. In this case, the emitter array 400 and
measurement apparatus 102 are moved at a similar speed to ensure that each transducer receives
photoacoustic signals generated as a result of the corresponding emitter 410. In an alternative
embodiment, the individual emitters 410 do not correspond to individual sensors. In this case, the
emitter array 400 can contain a different number of emitters 410 than the number of sensors. Each
sensor instead receives the signals that are directed toward its respective location regardless of the
emitter 410 that caused the generation of the signals.

[0045]  Fig. 5 is a flow chart showing a method 500 of mapping an arca of interest using both
photoacoustic and IVUS modalities. It is understood that additional steps can be provided before,

during, and after the steps of method 500, and that some of the steps described can be replaced or
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climinated for other embodiments of the method. In particular, steps 504, 506, 508, and 510 may
be performed simultancously or in various sequences as discussed below.

[0046] At step 502, the method 500 can include activating an external laser source. This laser
source may be the optical emitter 220 of Fig. 3. In some cases, the external laser source is activated
by a communication system 250 by means of an electronic or optical signal. This signal may be
sent wirclessly, and the external laser source may be equipped with a wireless signal receiver.
[0047] At step 504, the method 500 can include focusing a laser pulse on tissue in a region of
interest having a measuring device and one or more sensors within a vascular pathway. In some
embodiments, the region of interest includes a portion of tissue including a portion of at least one
vascular pathway 104, and the measuring device may be disposed within the vascular pathway
104. The region of interest may be chosen based on a suspected or diagnosed problem in the tissue,
or based on the proximity of a region of tissue to problems within a vascular pathway 104. In
other embodiments, the region of interest is part of a more general mapping plan. For example, a
mapping plan for a section of a vascular pathway 104 may involve the mapping of tissue
surrounding the vascular pathway 104 along its length. The one or more photoacoustic sensors
may be disposed on or within the measurement apparatus. In some cases, the one or more
photoacoustic signals are disposed circumferentially around the measurement apparatus. The
interaction of the emitted laser pulse and tissue in the region of interest creates a number of
photoacoustic waves 240 that emanate from the tissue.

[0048] In some embodiments, the measuring device is the measurement apparatus 102
depicted in Figs. 1A, 1B, 2A-2E, 3, and 4. In some embodiments, sensors are those depicted in
Figs. 1A, 1B, and 2-4, and can be included in the sensor array 128 depicted in Figs. 2A-2E. The
sensors can include IVUS transducers, IVUS emitters, OCT transducers, photoacoustic
transceivers, and optical emitters. The sensors can be arranged in any of the examples depicted in
Figs. 2A-2E. In some embodiments, the sensors do not rotate as they travel through the vascular
pathway 104. In other embodiments, the sensors are included in a rotational array disposed on a
revolving portion of the measurement device. In some embodiments, the sensors are disposed
circumferentially around the measurement device.

[0049] At step 506, the method 500 can include receiving sound waves generated by the
interaction of the laser pulse and tissue with one or more photoacoustic sensors. In some cases,

the one or more photoacoustic sensors can function as a traditional IVUS imaging element. In

-15-



WO 2017/167841 PCT/EP2017/057478

other cases, the one or more photoacoustic sensors are dedicated to receiving photoacoustic waves
without IVUS functionality. In some embodiments, the one or more photoacoustic sensors are
controlled by a communication system 250 like that depicted in Figs. 3 and 4. In another
embodiment, a processing engine 130 or a PIM 114 may control sensors on a sensor array 128.
Signals may be sent from processing engine 130 or the PIM 114 to the sensors, including the one
or more photoacoustic sensor, via connector 234, causing the one or more photoacoustic sensor to
receive diagnostic information such as sound waves or ultrasound signals.

[0050] At step 508, the method 500 can include transmitting ultrasound signals into the
vascular pathway 104 with one or more ultrasound transducers. The ultrasound signals may be
transmitted toward the walls of the vascular pathway 104 and may be deflected off the walls of the
vascular pathway 104 and propagate through the vascular pathway 104 as ultrasound echo signals.
In some embodiments, the one or more ultrasound transducers are disposed on a solid-state array
positioned within the vascular pathway. The one or more ultrasound transducers may be coupled
to a drive member that rotates around a longitudinal axis of the measurement apparatus. The
transmitted ultrasound signals are deflected off the walls of the vascular pathway 104 and
propagate through the vascular pathway 104 as ultrasound echo signals.

[0051]  Atstep 510, the method 500 can include receiving the ultrasound echo signals with the
one or more ultrasound transducers. In some embodiments, the one or more ultrasound transducers
may be operable to receive sound waves as well as ultrasound signals. The one or more ultrasound
transducers of step 508 and the one or more ultrasound transducers of step 510 may be combined
in a single element, or the transducer elements may be separate.

[0052] Steps 504, 506, 508, and 510 may be coordinated in the method 500 and occur in
various orders based on the desired outcome of a medical procedure. For example, transmission
of ultrasound signals and reception of ultrasound echo signals can occur at regular intervals
throughout the method 500, while reception of photoacoustic waves may occur sporadically. This
may be the case in a medical procedure to map a vascular pathway 104 and spot-check trouble
arcas of tissue surrounding sections of the vascular pathway 104. Alternatively, steps 504, 506,
508, and 510 are performed successively. For example, steps 506, 508, and 510 may be performed
individually before proceeding to the next step to avoid signal noise and allow for adequate signal

processing when method 500 is used in a system where a photoacoustic sensor and ultrasound
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transducer are each included in a transducer array. Furthermore, the steps of method 500 may be
interleaved in various orders.

[0053]  Atstep 512, the method 500 can include producing an image of the region of interest,
including the vascular pathway 104 and surrounding tissue, based on the sound waves and the
ultrasound echo signals. In some embodiments, a processing engine (such as the processing engine
130 of Fig. 1 A) in communication with the sensors produces the image of the region of interest.
This image can include both two-dimensional and three-dimensional images based on the received
sensor data. In some cases, the image includes a number of two-dimensional cross sections of the
vascular pathway 104 and surrounding tissue.

[0054]  Atstep 514, the method 500 can include outputting the image of the region of interest
to a display 118. This display 118 can include a computer monitor, a screen on a patient interface
module (PIM) 114 or console 116, or other suitable device for receiving and displaying images.
[0055] In an exemplary embodiment within the scope of the present disclosure, the method
500 repeats after step 514, such that method flow goes back to step 504 and begins again.
Iteration of the method 500 may be utilized to map a vascular pathway and surrounding tissue.
[0056] Persons skilled in the art will recognize that the apparatus, systems, and methods
described above can be modified in various ways. Accordingly, persons of ordinary skill in the
art will appreciate that the embodiments encompassed by the present disclosure are not limited to
the particular exemplary embodiments described above. In that regard, although illustrative
embodiments have been shown and described, a wide range of modiflcation, change, and
substitution is contemplated in the foregoing disclosure. It is understood that such variations may
be made to the foregoing without departing from the scope of the present disclosure. Accordingly,
it is appropriate that the appended claims be construed broadly and in a manner consistent with the

present disclosure.
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CLAIMS

What is claimed is:

l. A medical sensing system comprising:

one or more laser emitters conflgured to emit laser pulses to tissue of a patient in a region
of interest;

a measurement apparatus configured to be placed within a vascular pathway in the region
of interest, wherein the measurement apparatus comprises at least one transducer, wherein the
measurement apparatus is configured to:

receive sound waves generated by the tissue as a result of interaction of the laser
pulses with the tissue;

transmit ultrasound signals; and

receive ultrasound echo signals based on the transmitted ultrasound signals;

a processing engine in communication with the measurement apparatus, the processing
engine operable to produce an image of the region of interest based on the received sound waves
and the received ultrasound echo signals; and

a display in communication with the processing engine, the display conflgured to visually

display the image ofthe region of interest.

2. The medical sensing system of claim 1, wherein the measurement apparatus
further comprises at least one ultrasound transducer configured to transmit ultrasound signals and

receive ultrasound echo signals based on the transmitted ultrasound signals.

3. The medical sensing system of claim 2, wherein the at least one ultrasound
transducer is further configured to receive sound waves generated by the tissue as a result of

interaction of the laser pulses with the tissue.
4. The medical sensing system of claim 2, wherein the measurement apparatus

further comprises at least one photoacoustic transducer configured to receive sound waves

generated by the tissue as a result of interaction of the laser pulses with the tissue.
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5. The medical sensing system of claim 1, wherein the measurement apparatus
further comprises at least one photoacoustic transducer configured to receive sound waves

generated by the tissue as a result of interaction of the laser pulses with the tissue.

6. The medical sensing system of claim 1, wherein the one or more laser emitters are

disposed outside the body of the patient.

7. The medical sensing system of claim 1, wherein the region of interest comprises

the vascular pathway and a region of tissue surrounding the vascular pathway.

8. The medical sensing system of claim 4, wherein the at least one photoacoustic
transducer and the at least ultrasound transducer are configured to alternate in measuring sound
waves and ultrasound echo signals, wherein during the time that the at least one photoacoustic
transducer and the at least one ultrasound transducer is measuring sound waves or ultrasound
echo signals, the other of the at least one photoacoustic transducer and the at least one ultrasound

transducer does not measure sound waves or ultrasound echo signals.

9. The medical sensing system of claim 1, wherein the processing engine is further

operable to control the operation of the at least one transducer.

10.  The medical sensing system of claim 9, wherein the processing engine is further

operable to activate the at least one transducer to transmit ultrasound signals.
11.  The medical sensing system of claim 9, wherein the processing engine is further
operable to activate the at least one transducer to receive at least one of the sound waves and the

ultrasound echo signals.

12.  The medical sensing system of claim 1, wherein the at least one transducer is

disposed circumferentially around a distal portion of the measurement apparatus.
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13.  The medical sensing system of claim 1, wherein the at least one transducer is
coupled to a drive member that rotates the at least one transducer around a longitudinal axis of

the measurement apparatus.

14.  The medical sensing system of claim 1, further comprising two or more laser

emitters configured to emit laser pulses to tissue of the patient in the region of interest.

15.  The medical sensing system of claim 14, wherein the two or more laser emitters

are configured to emit laser pulses simultancously.

16.  The medical sensing system of claim 14, wherein at least one of the two or more
laser emitters is configured to emit laser pulses at an oblique angle with respect to a longitudinal

axis of the measurement apparatus.

17. The medical sensing system of claim 1, wherein the one or more laser emitters is

disposed on an array outside the body of the patient.

18.  The medical sensing system of claim 17, wherein the array has an arcuate shape.

19. A method of producing an image of a region of interest, comprising:

transmitting, with a laser source disposed outside a body of a patient, a focused laser
pulse on tissue in a region of interest having at least one vascular pathway;

receiving, with at least one photoacoustic sensor positioned within the vascular pathway
of the region of interest, sound waves generated by the tissue in response to an interaction of the
focused laser pulse with the tissue;

transmitting, with at least one ultrasound transducer positioned within the vascular
pathway of the region of interest, ultrasound signals toward the tissue in the region of interest;

receiving, with the at least one ultrasound transducer positioned within the vascular
pathway of the region of interest, ultrasound echo signals of the transmitted ultrasound signals;

producing an image of the region of interest based on the received sound waves and the

received ultrasound echo signals; and
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outputting the image of the region of interest to a display.

20.  The method of claim 19, further comprising rotating at least one of the at least one
photoacoustic sensor and the at least one ultrasound transducer within the vascular pathway
about a longitudinal axis of an intravascular device to which the at least one photoacoustic sensor

and/or the at least one ultrasound transducer is coupled.

21.  The method of claim 19, further comprising positioning two or more laser sources

outside the body of the patient around the region of interest.

22. The method of claim 21, further comprising positioning the two or more laser

sources in an arcuate array outside the body of the patient around the region of interest.

23, The method of claim 21, wherein the two or more laser sources transmit focused

laser pulses simultancously.

21-



PCT/EP2017/057478

WO 2017/167841

1/6

(WId) 3TNAOWN
JOV4YILINI INIILVd

//vN_‘
v e
Nv m W
201 001
acl
—
)
A\. oLl
c0l
vm_‘/_
IANION3
AV1dSId < ONISSID0OHd -
JTOSNOD
/mw_‘_‘ K

9Ll w

001

rv_‘_‘



PCT/EP2017/057478

WO 2017/167841

2/6

¢cl

4015

el
NN

o€l

ol

W 8¢l

oLl

NGBV ’¢¢

E========\

c0l




PCT/EP2017/057478

WO 2017/167841

3/6

901

0L

1411

(R

0€e

oLe

0cc



PCT/EP2017/057478

WO 2017/167841

4/6

||||||||||

s ONN

AN
L

901

(
D=

27T

1411

0ce

oLe



PCT/EP2017/057478

WO 2017/167841

5/6

5%

ocy

oL\

oLe




PCT/EP2017/057478

WO 2017/167841

6/6

G ‘B4

AV1dSIAV Ol LSFH3LNI 40 NOI93FH JFHL 40 FOVINI IHL LNd1NO

L p1G

STVYNOIS OHO3 ANNOSVYHLTN FHL ANV SIAVM ANNOS
3HL NO d3svd 'FNSSIL ONIANNOYYNS ANV AVMHLYd ¥VINOSVA
IHL ONIANTONI "LSFHILNI 40 NOID3Y FHL 40 IDOVINI NV 30NA0Yd

[L_2Z1G

SHIONASNVYHL ANNOSVHLTN
JHOW HO INO HLIM STYNOIS OHO3 ANNOSYHLTN JAIFOTY

[ 101G

SHYIONASNVYHL ANNOSYHLIN FHOW HO INO HLIM
AVMHLVYd dVTNOSVA JHL OLNI STVNOIS ANNOSVHLTN LINSNVY.L

[ 1805

SHOSNIS O1LSNOOVOLOHd FHONW
4O INO HLIM INSSIL FHL A9 A3 LVHINIO SIAVM ANNOS FAIFOTY

[ L9065

%

AVMH1Vd dVINOSVYA
V NIHLIM SHOSNIS FHOW JO INO ANV JOIAIA ONIFNSYIN V

ONIAVH LSFH3LINI 40 NOI93Y ¥V NI 3NSSIL NO 3S71Nd 43SV SNO04

[0S

JOHNOS HIASVT TVNHILXT FLVAILOY

[ 1205

v/_/oom



INTERNATIONAL SEARCH REPORT

International application No

PCT/EP2017/057478

A. CLASSIFICATION OF SUBJECT MATTER

INV. A61B8/08 A61B8/12
ADD.

A61B8/00

A61B5/00

According to International Patent Classification (IPC) or to both national classification and IPG

B. FIELDS SEARCHED

A61B

Minimum documentation searched (classification system followed by classification symbcls)

Documentation searched cther than minimum decumentaticn to the extent that such documents are included in the fields searched

EPO-Internal, WPI Data

Electrenic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 20147221842 A1 (CASTELINO ROBIN F [CA] 1-11,
ET AL) 7 August 2014 (2014-08-07) 13-18
Y abstract 12
figures 1-3
paragraph [0018] - paragraph [0032]
X US 20137338498 Al (EMELIANOV STANISLAV 1
[US] ET AL) 19 December 2013 (2013-12-19)
abstract
figures 1-17
paragraph [0050] - paragraph [0115]
Y US 20117301458 Al (LI PAI-CHI [TW] ET AL) 12
8 December 2011 (2011-12-08)
abstract
figure 1
paragraph [0029] - paragraph [0045]

D Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited decuments :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"Q" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
comhbined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

28 June 2017

Date of mailing of the international search report

10/07/2017

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Moehrs, Sascha

Form PCT/ISA/210 (second sheet) (April 2005)




International application No.
INTERNATIONAL SEARCH REPORT PCT/EP2017/057478
BoxNo.ll  Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. Claims Nos.: 19-23

because they relate to subject matter not required to be searched by this Authority, namely:

see FURTHER INFORMATION sheet PCT/ISA/210

2. |:| Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such
an extent that no meaningful international search can be carried out, specifically:

3. |:| Claims Nos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. lll Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

1. As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. |:| As all searohable claims could be searched without effort justifying an additional fees, this Authority did not invite payment of
additional fees.

3. |:| As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. |:| No required additional search fees were timely paid by the applioant. Consequently, this international search report is
restrioted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest The additional search fees were accompanied by the applicant's protest and, where applicable, the
payment of a protest fee.

The additional search fees were accompanied by the applicant's protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

|:| No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (April 2005)




International Application No. PCT/ EP2017/ 057478

FURTHER INFORMATION CONTINUED FROM PCT/ISA/ 210

Continuation of Box II.1

Claims Nos.: 19-23

Independent method claim 19 is related to a method which encompasses the
placement of sensors / transducers in the vascular pathway. Furthermore,
from the description and also from the dependent claims, it becomes
apparent, that the sensors / transducers are moved (rotated) in the
vascular pathway. Therefore claim 19 is related to a method for the
treatment of the human or animal body by surgery for which no search
(Rule 39.1(iv) PCT) is carried out.The reasoning applies mutatis mutandis
to the dependent claims 20-23.




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/EP2017/057478
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 2014221842 Al 07-08-2014  CA 2841374 Al 01-08-2014
US 2014221842 Al 07-08-2014
US 2013338498 Al 19-12-2013  NONE
US 2011301458 Al 08-12-2011 TW 201143722 A 16-12-2011
US 2011301458 Al 08-12-2011

Form PCT/ISA/210 (patent family annex) (April 2005)




LR EH(F)

[ i (S RIR) A ()
e (S IR) A (%)

HAT R E (TR AGE)

FRI& B A

RHA

IPCHEKS
CPCH %5
REHAI(F)
L AR
ShERaELE

BEX)

REHTHERE ,

patsnap
R A= B B AR TALAR M E BN %
EP3435876A1 NI(AE)R 2019-02-06
EP2017714714 RiEH 2017-03-30
ERKF BB FROBRAF
ERTEFEN.V.
EFREFAN.V.

STIGALL JEREMY
SAROHA PRINCETON

STIGALL, JEREMY
SAROHA, PRINCETON

A61B8/08 A61B8/12 A61B8/00 A61B5/00
A61B8/0891 A61B5/0095 A61B5/6852 A61B8/12 A61B8/4416 A61B8/5261 A61B8/54
STEFFEN , THOMAS

62/315117 2016-03-30 US

Espacenet

REMAHE. ARNRFFH — LKA RS XA AXE

MBFESHARPHRBNBXER K, £-LEXwhlP , ETr2NR
SBBFE- RS I AZERFRNEERRETMEREANNERE,
M Big & AT LR E By U R A B R MA R 2 A EE R £
MER , ARENBEWESFES, EZRNREETUDE : LE5
Z IREUFERNBRXENEGURE TS , HEEN THREER

RMBXEHNE B,


https://share-analytics.zhihuiya.com/view/fac141ff-5e9b-4a47-bb5b-b4daa8fec1e5
https://worldwide.espacenet.com/patent/search/family/058461315/publication/EP3435876A1?q=EP3435876A1

