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(57) Abstract: In part, the invention relates to a probe suitable for use with image data collection system. The probe, in one embodi

o ment, includes an optical transceiver, such as a beam director, and an acoustic transceiver such as an ultrasound transducer. The op -
tical transceiver is in optical communication with an optical fiber in optical communication with a beam director configured to trans -
mit light and receive scattered light from a sample such as a wall of a blood vessel. The acoustic transceiver includes an ultrasound
device or subsystem such as a piezoelectric element configured to generate acoustic waves and receive reflected acoustic waves from
the sample.



MULTIMODAL IMAGING SYSTEMS, PROBES AND METHODS

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to and the benefit of United States Patent

Provisional Patent Application No. 61/727,997, filed on November 19, 2012, United States

Provisional Patent Application 61/728,006, filed on November 19, 2012, and United States

Patent Application entitled "Interface Devices, Systems and Methods for Multimodal Probes"

and having Attorney Docket No. LLI-040 filed on February 4, 2013, the entire disclosures of

each of which are herein incorporated by reference.

FIELD OF INVENTION

[0002] This invention relates to the field of imaging and more specifically to data collection

probes and components thereof suitable for use with optical coherence tomography and other

imaging technologies, such as ultrasound.

BACKGROUND

[0003] Coronary artery disease is one of the leading causes of death worldwide. The ability

to better diagnose, monitor, and treat coronary artery diseases can be of life saving

importance. Optical coherence tomography (OCT) is a catheter-based imaging modality that

uses light to penetrate a sample such as blood vessel walls and generate images of the same.

These images are valuable for the study of the vascular wall architecture and blood vessel

geometry. Intravascular ultrasound (IVUS) is another imaging technology that can be used to

image a blood vessel. The images generated using OCT are of a higher resolution and more

clearly depict structures such as plaques and stent struts as well as other objects and

characteristics of interest when imaging a blood vessel.

[0004] Conversely, IVUS has a better penetration depth relative to OCT. IVUS can

typically penetrate tissue, such as a vessel wall, within the range of about 4 mm to about 8

mm. Unfortunately, IVUS images are typically of a lower resolution, which can make

interpreting them more challenging. OCT has a shorter penetration depth and can typically

penetrate tissue, such as a vessel wall, within the range of about 2 mm to about 3 mm. Given

the respective advantages of OCT and IVUS in terms of imaging depth and otherwise, a need

exists to develop systems that integrate these two imaging modalities such that their

respective advantages may be combined without their associated disadvantages.



[0005] The present invention addresses these needs and others.

SUMMARY OF INVENTION

[0006] In one aspect, the invention relates to an image data collection system such as a

probe that includes an optical data collection subsystem and an ultrasound data collection

subsystem. The optical data collection subsystem can be configured to collect data for

optical coherence tomography. The ultrasound data collection subsystem, or a portion

thereof, generates incident acoustic waves while the optical data collection subsystem, or a

portion thereof, directs incident light waves. In turn, each of these two subsystems receives

returning acoustic waves and returning light waves, respectively, from a sample. Each

received wave can be compared relative to the incident waves or other data to evaluate the

sample, for example, by generating ultrasound and OCT images of the sample. Specifically,

the received waves can be analyzed as signals that are each associated with the two imaging

modalities, one being light based and the other being acoustic wave based. In one

embodiment, the optical data collection subsystem and the ultrasound image data collection

subsystem both emit their light and acoustic waves, respectively, substantially perpendicular

to or at a predetermined angle relative to the longitudinal axis of a probe or another axis

offset therefrom. Typically, the probe is rotatable within and translatable along a blood

vessel. In one embodiment, the probe can be component in an image data collection system.

[0007] In one embodiment, the ultrasound subsystem is positioned distal relative to the

optical subsystem and both subsystems are offset from each other by a predetermined

distance. Both subsystems generate beams of acoustic and light waves, respectively, that can

be substantially parallel or at an angle relative to each other. In one embodiment, the offset

of the two beams causes each beam to collect data relative to the same region of a tissue

sample at different points in time. Further, for embodiments in which the ultrasound

subsystem rotates along with the OCT subsystem, the delay between where each respective

subsystem is collecting data relative to the sample can be measured in terms of the pullback

speed relative to the offset distance between each respective data collection subsystem. In

one embodiment, the data collection subsystems are disposed coaxially relative to each other

and include a beam director and an acoustic transducer, respectively.

[0008] In one embodiment, the relative position and respective speed of rotation for the

OCT beam and the ultrasound beam are configured to maintain the quality of either the

resultant IVUS image or the OCT image or both images. Further, the probe can also be



configured such that the IVUS and OCT image data can be used to reconstruct a combined

image along the same scan line.

[0009] In one embodiment, the ultrasound data collection subsystem is an ultrasound

transducer and the optical data collection subsystem is a beam director. In turn, each of the

optical beam director and the ultrasound transducer can be components of a probe tip. In one

embodiment, the probe tip can be disposed in a sheath suitable for introducing into a blood

vessel and imaging through the sheath. The sheath can include a transparent window

configured to align with the beam director and ultrasound transducer such that a vessel wall

can be imaged. In one embodiment, the sheath or portions thereof of optically and

acoustically transparent such that light and acoustic waves can pass there through and image

data can be obtained with respect to a sample. In one embodiment, the sheath includes an

optically and acoustically transparent window.

[0010] In one embodiment, optically and acoustically transparent means that sufficient light

and acoustic waves are transmitted through the window such that an OCT image and an

ultrasound image can be generated. The sheath can cause acoustic beam reflections, optical

beam reflections, or both. In one embodiment, an optical beam director and an acoustic beam

generator are positioned such the optical beam and the acoustic beam are angled relative to

each other such that direct reflections from such a sheath are prevented or reduced.

Accordingly, in part the invention relates to angling and/or positioning the optical beam

director and acoustic beam generator to increase the signal to noise ratio in the resultant OCT,

IVUS or combination images. In part, this can be achieved by reducing the noise

contribution of sheath-scattered optical or acoustic beams when collecting optical and

acoustic signals for a given sample.

[0011] In one aspect, the invention relates to an image data collection system. The system

includes a data collection probe. The data collection probe includes a sheath and a probe tip.

The probe tip includes an optical data collection subsystem and an acoustic data collection

subsystem positioned distally relative to the optical data collection subsystem; and a probe

body, the probe tip and the probe body disposed in the sheath, the probe body comprising an

optical fiber in optical communication with the optical data collection subsystem.

[0012] In one aspect, the invention relates to a dual modality image data collection system.

The dual modes are ultrasound and optical coherence tomography in one embodiment. The

system can include a data collection probe, a patient interface unit (PIU) and an image



processor. In one embodiment, the PIU includes a PIU connector port. In one embodiment,

the image processor includes an OCT system and an IVUS system such that each respective

system is configured to receive data collected using a probe that includes a probe tip

described herein. In one embodiment, the image processor includes one or more data

acquisitions systems (DAS) such as a data acquisition card, a processor, and an

interferometer. In one embodiment, the probe includes a sheath and a probe tip. The probe

tip includes an optical beam director and an acoustic beam generator. In one embodiment,

the beam director is configured to direct an optical beam having a center axis which can also

be referred to as an optical center axis. In one embodiment, the ultrasonic transducer is

configured to direct an acoustic beam or wave having a center axis which can also be referred

to as an acoustic center axis. An optical fiber is disposed in the probe and in optical

communication with the optical beam director. The optical fiber can define a longitudinal

axis along which the optical beam director and acoustic beam generator are disposed. In one

embodiment, the optical beam director and the acoustic beam director are positioned such

that they generate an optical beam and an acoustic beam having a distance between the two

beams that ranges between about 300 microns to 400 microns.

[0013] In one embodiment, the optical beam director and the acoustic beam director are

positioned such that they generate an optical beam and an acoustic beam having a distance

between the two beams that ranges between about 250 microns to 500 microns. In one

embodiment, the distance between the two beams is measured from the center line or axis of

each beam. In one embodiment, the optical beam has a width that ranges from about 20

microns to about 60 microns. In one embodiment, the acoustic beam has a width that ranges

from about 200 microns to about 300 microns.

[0014] In one embodiment, the probe is configured to rotate by a motor in the PIU at a rate

of from about 100 Hz to about 200 Hz. The PIU is configured to pull the probe at a speed of

between about 18 mm/sec to about 36 mm/sec in one embodiment. In one embodiment, a

rotatable connector or coupler and/or the probe are rotationally balanced to reduce noise and

vibration during data collection at the rotation speeds and pullback speeds described herein.

The connector port allows disposable probes that include sheaths and probe tips to be

attached to the PIU and rotated thereby.

[0015] In one embodiment, the image processor is configured to generate scan lines at a

rate of between about 25,000 lines/second to about 50,000 lines/second. In one embodiment,

the image processor is configured to perform sample acquisition at a rate that ranges from



about 6 MHz to about 12 MHz. In one embodiment, the electrical conductors are selected

from the group of high conductance and high fatigue strength materials. In one embodiment,

the helical pitch is between about 0.5 cm and about 1.5 cm.

[0016] The data collection probe can include an optical fiber, a probe tip in optical

communication with the optical fiber, and a first conductor and a second conductor. The

first and second conductors are helically wrapped around the optical fiber. In turn, the

wrapped optical fiber is disposed within a torque cable also referred to as a torque wire. In

one embodiment, the conductors wrapped around the optical fiber are oxygen free copper. In

one embodiment, the outer jacket is disposed around the optical fiber. In turn, in one

embodiment, the conductor is wrapped around the outer jacket. In one embodiment, the

diameter of optical fiber including the outer jacket ranges from between about 100 to about

175 microns. The probe is configured to be rotationally balanced in one embodiment.

[0017] In one aspect, the invention relates to a method of collecting image data in a blood

vessel. The method includes controlling a rate of rotation of a rotatable coupler, also referred

to herein as a connector in some embodiments, such that movement of the blood vessel is

reduced during the acquisition of optical coherence image data and ultrasound image data;

transmitting optical coherence image data along an optical fiber through the rotatable coupler;

and transmitting ultrasound image data along one or more conductors or conductive paths

through the rotatable coupler. In one embodiment, the rate of rotation is between about 100

Hz and about 200 Hz. The method can further include controlling a rate of pullback through

the blood vessel such that movement of the blood vessel is reduced during the acquisition of

optical coherence image data and ultrasound image data. The rate of pullback can be

between about 18 mm/sec and about 36 mm/sec.

[0018] In one aspect, the invention relates to an image data collection system. The system

includes a data collection probe which includes: a sheath; a probe tip which includes a

backing material defining a channel; an optical data collection subsystem, wherein a portion

of the optical data collection system is disposed in the channel; and an acoustic data

collection subsystem disposed above a region of the backing material and positioned distally

relative to the optical data collection subsystem; and a probe body, the probe tip and the

probe body disposed in the sheath, the probe body includes an optical fiber in optical

communication with the optical data collection subsystem.



[0019] In one embodiment, the image data collection system further includes a torque wire

defining a bore; a plurality of conductors wrapped around the optical fiber in a pattern, the

conductors in electrical communication with the acoustic data collection subsystem, the

conductor wrapped optical fiber disposed in the bore. In one embodiment, the optical data

collection subsystem includes a beam director and the acoustic data collection subsystem

includes an ultrasound transducer. In one embodiment, the pattern is a helical pattern having

a helical pitch that ranges from between about 0.5 cm and about 1.5 cm. In one embodiment,

the image data collection system further includes a patient interface unit (PIU) and an image

data collect system in electrical communication with the PIU, the PIU configured to

electrically couple the data collection probe to the image data collect system.

[0020] In one embodiment, the image data collect system acquires data from the acoustic

data collection subsystem and the optical data collection subsystem at an acquisition rate that

ranges from about 6 MHz to about 12 MHz. In one embodiment, the PIU includes a motor

configured to retract the probe tip at a pullback rate that ranges from about 18 mm/second to

about 50 mm/second. In one embodiment, the probe tip includes a first section and a second

section, the second section flares outward related to the first section at a boundary between

the respective sections, a portion of the channel spans the first section. In one embodiment,

the probe tip has an endface that includes a curved boundary. In one embodiment, the beam

director and ultrasound transducer are separated by a distance.

[0021] In one embodiment, the PIU includes a motor configured to rotate the data

collection probe at a rate of rotation that ranges from about 100 Hz to about 200 Hz. In one

embodiment, the beam director is angled to direct a beam at an angle that ranges from about 0

degrees to about 20 degrees relative to a normal to the longitudinal axis of the optical fiber.

In one embodiment, the optical subsystem and the acoustic subsystem are positioned such

that beams generated by each respective subsystem are substantially parallel. In one

embodiment, the probe tip further includes a first elongate conductor and a second elongate

conductor and wherein the beam director is positioned between the first elongate conductor

and the second elongate conductor, each elongate conductor in electrical communication with

the ultrasound transducer.

[0022] In one embodiment, the probe tip further includes a backing material, the transducer

disposed on the backing material, the transducer having an acoustic wave directing surface

disposed at an angle that ranges from about 5 degrees to about 15 degrees. In one

embodiment, the acoustic subsystem and the optical subsystem are positioned coaxially to



one another. In one embodiment, a resistance of the plurality of conductors ranges from

about 5 ohms to about 20 ohms.

[0023] In one aspect, the invention relates to an image data collection system. The system

includes a data collection probe comprising: a sheath; a probe tip comprising a backing

material; an optical data collection subsystem comprising a beam director configured to direct

a light beam having an optical center axis; and an acoustic data collection subsystem disposed

above a region of the backing material and positioned distally relative to the optical data

collection subsystem, the acoustic data collection system comprising an ultrasonic transducer

configured to generate an acoustic wave having an acoustic center axis; and a probe body, the

probe tip and the probe body disposed in the sheath, the probe body comprising an optical

fiber in optical communication with the optical data collection subsystem, wherein the beam

director and the ultrasonic transducer are positioned such that during probe rotational speeds

ranging from about 100 Hz to about 200 Hz and data collection probe pullback speeds

ranging from about 18 mm/sec to about 36 mm/sec, a time period between when the optical

center axis and the acoustic center axis light beam cross a common reference point ranges

from about M to about N.

[0024] In one embodiment, M is 0.01 seconds and N is 0.02 seconds. In one embodiment,

M is about 1.2% of a cardiac cycle and seconds and N is about 2.4% of the cardiac cycle. In

one embodiment, the backing material defines a channel and wherein a portion of the optical

data collection system is disposed in the channel. In one embodiment, the image data

collection system further includes a torque wire defining a bore; a plurality of conductors

wrapped around the optical fiber in a pattern, the conductors in electrical communication with

the acoustic data collection subsystem, the conductor wrapped optical fiber disposed in the

bore. In one embodiment, wherein the pattern is a helical pattern having a helical pitch that

ranges from between about 0.5 cm and about 1.5 cm.

[0025] In one embodiment, the image data collection system further includes a patient

interface unit (PIU) and an image data collect system in electrical communication with the

PIU, the PIU configured to electrically couple the data collection probe to the image data

collect system. In one embodiment, the image data collect system acquires data from the

acoustic data collection subsystem and the optical data collection subsystem at an acquisition

rate that ranges from about 6 MHz to about 12 MHz. In one embodiment, the PIU includes a

motor configured to retract the probe tip at a pullback rate that ranges from about 18

mm/second to about 50 mm/second. In one embodiment, the probe tip includes a first section



and a second section, the second section flares outward related to the first section at a

boundary between the respective sections, a portion of the channel spans the first section. In

one embodiment, the probe tip has an endface that includes a curved boundary. In one

embodiment, the beam director and ultrasound transducer are separated by a distance

[0026] In one embodiment, the PIU includes a motor configured to rotate the data

collection probe at a rate of rotation that ranges from about 100 Hz to about 200 Hz. In one

embodiment, the beam director is angled to direct a beam at an angle that ranges from about 0

degrees to about 20 degrees relative to a normal to the longitudinal axis of the optical fiber.

In one embodiment, the optical subsystem and the acoustic subsystem are positioned such

that beams generated by each respective subsystem are substantially parallel.

[0027] In one embodiment, the probe tip further includes a first elongate conductor and a

second elongate conductor and wherein the beam director is positioned between the first

elongate conductor and the second elongate conductor, each elongate conductor in electrical

communication with the ultrasound transducer. In one embodiment, the transducer is

disposed on the backing material, the transducer having an acoustic wave directing surface

disposed at an angle that ranges from about 5 degrees to about 15 degrees. In one

embodiment, the acoustic subsystem and the optical subsystem are positioned coaxially to

one another. In one embodiment, a resistance of the plurality of conductors ranges from

about 5 ohms to about 20 ohms.

[0028] In one aspect, the invention relates to image data collection system. The system

includes a data collection probe comprising: a sheath; a probe tip comprising a backing

material defining a channel; an optical data collection subsystem, wherein a portion of the

optical data collection system is disposed in the channel; and an acoustic data collection

subsystem disposed above a region of the backing material and positioned distally relative to

the optical data collection subsystem; and a probe body, the probe tip and the probe body

disposed in the sheath, the probe body comprising an optical fiber in optical communication

with the optical data collection subsystem.

[0029] In one embodiment, the optical data collection subsystem includes a beam director

and the acoustic data collection subsystem includes an ultrasound transducer. In one

embodiment, the transducer is disposed on the backing material, the transducer having an

acoustic wave directing surface disposed at an angle that ranges from about 5 degrees to

about 15 degrees. In one embodiment, The image data collection system further includes a



torque wire defining a bore; a plurality of conductors wrapped around the optical fiber in a

pattern, the conductors in electrical communication with the acoustic data collection

subsystem, the conductor wrapped optical fiber disposed in the bore. In one embodiment, the

pattern is a helical pattern having a helical pitch that ranges from between about 0.5 cm and

about 1.5 cm. In one embodiment, the beam director is angled to direct a beam at an angle

that ranges from about 0 degrees to about 20 degrees relative to a normal to the longitudinal

axis of the optical fiber.

[0030] In one aspect, the invention relates to a method of collecting image data in a blood

vessel having a wall. The method includes rotating a probe tip includes an optical beam

director and an ultrasound transducer at a rate of rotation; transmitting incident optical and

acoustic waves using the optical beam director and ultrasound transducer, respectively;

receiving optical and acoustic waves reflected from the wall using the optical beam director

and ultrasound transducer, respectively; pulling the probe tip back through the blood vessel at

a pullback rate, acquiring an OCT data set and an ultrasound data set in response to the

received optical and acoustic waves reflected from the wall; and controlling the rate of

rotation such that movement of the blood vessel is reduced during the acquisition of the

reflected optical and acoustic waves from the wall.

[0031] In one embodiment, the method further includes the step of generating one or more

images of sections of the wall using the OCT data set, the ultrasound data set, or both the

OCT data set and the ultrasound data set. In one embodiment, the method further includes

the step of controlling the pullback rate such that the pullback rate ranges from about 18

mm/second to about 50 mm/second. In one embodiment, the rate of rotation is controlled

such that the rate of rotation ranges from about 100 Hz to about 200 Hz. In one embodiment,

the OCT data set and the ultrasound data set are acquired at a sample acquisition rate that

ranges from about 6 MHz to about 12 MHz. In one embodiment, the OCT data set and the

ultrasound data set are acquired at a line acquisition rate that ranges from 25 kHz to about 50

kHz. In one embodiment, the method further includes the step of controlling the rate of

rotation and the pullback rate such that a time period between when an optical center axis and

an acoustic center axis cross a common reference point ranges from about M to about N. In

one embodiment, M is 0.01 seconds and N is 0.02 seconds. In one embodiment, M is about

1.2% of a cardiac cycle and N is 2.4% of the cardiac cycle.



BRIEF DESCRIPTION OF DRAWINGS

[0032] The figures are not necessarily to scale, emphasis instead generally being placed

upon illustrative principles. The figures are to be considered illustrative in all aspects and are

not intended to limit the invention, the scope of which is defined only by the claims.

Fig. 1 is a schematic diagram of an image data collection system in accordance with

an illustrative embodiment of the invention;

Figs. 2A-2C are schematic diagrams depicting perspective views of rotating

ultrasound and optical beams originating from an image data collection probe in accordance

with an illustrative embodiment of the invention;

Fig. 3A is a schematic diagram showing a perspective view of a portion of an image

data collection probe in accordance with an illustrative embodiment of the invention;

Fig. 3B is a schematic diagram showing a cross-sectional view of a portion of an

image data collection probe and optical and acoustic angular orientations in accordance with

an illustrative embodiment of the invention;

Fig. 4A is an image of a portion of a probe body in accordance with an illustrative

embodiment of the invention;

Fig. 4B is a schematic diagram of a probe body and a probe tip in accordance with an

illustrative embodiment of the invention;

Figs. 5A-5C are images depicting different components of multi-modal data

collection probes in accordance with an illustrative embodiment of the invention;

Fig. 6A is an IVUS image showing penetration depth and resolution in accordance

with an illustrative embodiment of the invention; and

Fig. 6B is an OCT image showing penetration depth and resolution in accordance

with an illustrative embodiment of the invention.



DETAILED DESCRIPTION

[0033] In part, the invention relates to a multimodal data collection probe that collects data

suitable for imaging a vessel or lumen of interest and related methods, systems, subsystems

and other components. The probe is multimodal because two or more data collection modes

can be used. These modes can operate simultaneously or sequentially. The modes can be

any suitable imaging technology such as optical coherence tomography, ultrasound, or others

as well as be specified based on the type of waves used such as acoustic or light waves. The

probe can include devices or systems that are configured to collect data for each respective

imaging modality such as beam directors and acoustic wave generators.

[0034] In one embodiment, the probe is configured for use in a lumen of a body such as an

artery or other blood vessel. For example, the probe can be configured to collect optical

coherence tomography (OCT) data and ultrasound (IVUS) data using light waves and

acoustic waves, respectively. The data collected using one or more of the probe

embodiments described herein can be used to generate an image of vessel, determine a

fractional flow reserve, measure pressure in a lumen or collect data relating to other

parameters or structures of interest.

[0035] One or more probe embodiments can include a first receiver and a second receiver.

Each of these receivers is configured to receive a signal such as an acoustic or optical signal.

The first and second receivers can be, for example, receivers, transceivers, transducers,

detectors, apparatus or subsystems. In one embodiment, the first receiver is an intravascular

ultrasound apparatus or subsystem and the second receiver in an optical coherence

tomography apparatus or subsystem. The receivers are also configured to generate or direct

signals such as acoustic waves and light waves. For example, the first receiver can include an

ultrasound device that generates and receives acoustic waves. Similarly, as an example, the

second receiver can include an optical device that transmits light to a sample and receives

light from the sample. In one embodiment, the first receiver is distal to the second receiver.

In other embodiments, the first receiver can be adjacent to, in contact with, abutting or

otherwise positioned relative to the second receiver in various configurations.

[0036] The respective optical or acoustic beams or beam originating surfaces can be

substantially parallel or skewed relative to each other. In one embodiment, an optical

receiver is positioned such that it is adjacent to and proximal to an ultrasound receiver. A

backing material can be used to surround a portion of the optical beam generating element



and form a surface suitable for supporting the ultrasound element. A housing or cover can be

used to partially surround the backing material. Additional details relating to exemplary

system and probe embodiments are described herein.

[0037] Fig. 1 illustrates a multi-modal system 10 suitable for use with various probes and

imaging modalities. The multi-modal system 10 includes an image data acquisition system

12. The data acquisition system 12 is configured to collect multi-channel data in one

embodiment such as OCT data and ultrasound data. The image data acquisition system can

include a data acquisition device that is in electrical communication with a processor. The

data acquisition system 12 can be configured to process multiple channels such as channels

containing OCT image data and IVUS image data. In addition, the multi-modal system 10

can include one or more displays 15 suitable for displaying an image of a sample generated

using image data such as an OCT, IVUS, or combination OCT and IVUS image of a blood

vessel. In one embodiment, the data acquisition system 12 converts the raw image data

collected using the probe into images that can be viewed by a user on display 15 or other

displays. The display 15 can also be used to display a graphical user interface to manipulate

the image data or control the image data acquisition session.

[0038] One or more signal lines 17 and/or one or more control lines 1 are in electrical

(whether by wire or wirelessly), in optical, or otherwise in communication with the image

data acquisition system 12. In one embodiment, one line or bus is used to transmit control

signals and image data. One or more components 18 can be in electrical or optical

communication with data acquisition system 12. In one embodiment, such one or more

components 18 can include an interferometer having a sample arm and a reference arm,

optical fibers, an optical receiver, one or more clock generators, an ultrasound pulser,

ultrasound receiver, and other components of OCT and IVUS systems.

[0039] In one embodiment, the multi-modal system 10 includes a patient interface unit

(PIU) 20. In one embodiment, the PIU 20 connects two imaging components or subsystems

such as ultrasound and OCT components of the probe 25 with the image data acquisition

system 12 through one of the control lines or signal lines 17. The control or signal lines 17

are bi-directional such that data can flow in one or both directions along a given line.

Typically, control signals are transmitted from the system 12 to the PIU 20 and signals are

transmitted from the PIU 20 to the probe tip 33 through an optical path and an electrically

conductive path that is formed when the probe 25 is coupled to connector 26. In one

embodiment, the PIU 20 and the probe 25 include sections of optical fiber that constitute



sections of the sample arm of an interferometer. The PIU also includes conductors such as

lengths of wire used to transmit ultrasound data and control signals. Signal lines 17 can

include optical paths such as optical fibers that are part of the sample arm and conductors or

circuit elements that transmit ultrasound data and control signals.

[0040] The PIU 20 includes a rotatable connector 26 configured to connect to an image data

collection probe 25 and release from such a probe 25. In one embodiment, the probes 25 are

designed to be disposed of after a given data collection procedure. Accordingly, the

connector 26 allows probes that have been used to image a vessel to be removed and new

probes to be optically and electrically coupled to the PIU 20. The probe 25 is configured to

rotate in response to being driven by a motor. One or more motors can be disposed in the

PIU 20 in one embodiment such one or more motors are shown by exemplary motor 22.

While rotating in a blood vessel, the probe 25 can collect image data with respect to a surface

of a blood vessel as it is pulled back through the vessel and relay that data along electrical

and optical paths that span the PIU 20 and signal lines 17 to connect to the system 12. In one

embodiment, the PIU 20 includes one or more electrical couplers and one or more optical

couplers to connect electrical and optical components or subsystems of the probe to electrical

and optical components or subsystems of the system 12. One or more of such couplers can

be disposed in or a component of the connector 26.

[0041] In one embodiment, the smallest data unit in an OCT or IVUS image is called a

sample. Further, a sequence of samples along a ray originating from a probe 25 to the

maximum imaging depth is called a scan line. The ray typically originates from a component

of the probe tip 33 such as an optical beam director or an acoustic beam generator. The probe

includes a probe body 28. The probe body 28 includes one or more sections of optical fiber

that are arranged to form an optical path and rotate in response to the action of a motor. A

beam director having a light receiving and transmitting surface is in optical communication

with one or more optical fiber sections disposed in the probe body. The one or more rotatable

optical fibers that are part of the probe body 28 are disposed in sheath 31. The sheath 3 1 is

an outer body or section of a catheter in one embodiment. The sheath can include a

transparent window 34 through which optical and acoustic image data can be collected.

[0042] The beam director is located within the sheath 31 in one embodiment and is part of a

data collection subsystem 33. The data collection subsystem 33 can also be referred to as a

probe tip or cap 33. The probe tip 33 includes an optical beam director and an acoustic beam

director in one embodiment. Additional details relating to an exemplary probe tip 33 are



shown in Fig. 3A which depicts probe tip 40 as an embodiment of the general probe tip 33 of

Fig. 1. As shown, probe tip 40 includes ultrasound and optical data collection subsystems.

[0043] One or more conductors in electrical communication with the acoustic beam

generator of a probe tip such as probe tip 33 can be wrapped around one or more lengths of

optical fiber in the probe body 28. These wrapped conductors in the probe body 28 which

surround an optical fiber can be disposed in a torque wire as described herein. Additionally,

such wrapped conductors can be in electrical communication with a rotary transformer or

other conducting element disposed in connector 26 or PIU 20 when the probe 25 is coupled to

the PIU 20. In one embodiment, these various systems and components are suitable for

collecting data that can be used to generate an image of a sample by scanning the sample as

the probe body, probe tip, and sheath rotate.

[0044] The OCT and IVUS images are typically acquired one scan line at a time. A cross-

sectional image is then formed from a set of scan lines collected as the probe 25 rotates.

Examples of some exemplary images are shown in Figs. 6A-6B. Further, to image a segment

of an artery or other blood vessel, the probe, alternatively referred to as a catheter, is moved

longitudinally while rotating such as during a withdrawal or pullback through a blood vessel.

The probe can rotate in either a clockwise A or counterclockwise B direction. The probe is

pulled back in a direction C away from the patient being imaged as it rotates in direction A or

B. In this way, the probe acquires a set of cross-sectional images in a spiral pattern. The

images originate from the various scan lines associated with a slice of the vessel or artery of

interest. The image can be displayed as cross-sections along one or more axes on display 15.

In one embodiment, the data acquisition system 12 converts the raw image data collected

using the probe into images that can be viewed by a user on display 15 or other displays.

[0045] Figures 2A-2C show schematic representations of the intravascular image

acquisition for a dual modality probe 35 configured such that the probe's two imaging beams

are axially displaced. As shown, in Figure 2A a probe tip 37 of a probe 35 has an ultrasound

component disposed distally relative to an optical component. The two parallel beams

(labeled ultrasound and optical) represent a pulse of energy each sent along its respective

single scan line. The helical path in each of Figures 2A-2C shows how many probe 35

rotations are required (at a specific rotation rate and pullback speed) for the ultrasound or

acoustic beam to illuminate the space previously illuminated by the axially displaced optical

beam.



[0046] Each of Figures 2A-2C also shows two rectangular blocks SOCT and Sus- These

blocks represent the sample size of the IVUS and OCT images. The height of the sample box

(axial sample size) is determined by how many samples are taken in an imaging line and the

maximum depth of penetration. The width of the box (rotational sample size) is determined

by how many scan lines are taken in a single rotation and how from the sensor the specific

sample is from the rotational center of the probe. The depth of the box (transverse sample

size) is determined by how fast the pullback occurs relative to the rotation rate of the probe

tip 37. In one embodiment, the probe 35 is rotated such that rapid dual mode acquisition is

achieved by which IVUS and OCT data can be collected without the blood vessel undergoing

a degree of motion that would introduce imaging artifacts or unacceptable noise into the

IVUS or OCT images.

[0047] Table 1 below summarizes the imaging parameters used in rapid dual mode

acquisition according to an embodiment of the invention and conventional IVUS scanning.

Figures 2A and 2C show the path traced by two embodiments of the invention that are

configured for rapid acquisition of ultrasound and OCT data. Figure 2B shows the path

traced by an embodiment of the invention at conventional rates of rotation and pullback for

an ultrasound probe configured for IVUS imaging. From Table 1 and Table 2 it is clear

based on the of Rapid Acquisition values to Conventional IVUS values, that the Rapid

Acquisition values represent significant increases of the applicable rates and speeds relative

to conventional IVUS systems.

Table 1



[0048] For a given dual mode data collection probe, the optical and acoustic beams can

either be coincident or separated by some distance. While for image acquisition and

alignment it would be optimum to have the beams coincident, constructing coincident beams

require the two beam receivers / beam generators to overlap and leads to inevitable

degradations in the performance of the data collection probe. Axially displacing the two data

collection subsystems from each other (with the IVUS beam generator distal to the OCT

beam director) allows the sensors to be built without compromise but does result in the two

beams being spaced apart. In one embodiment, minimizing the axial displacement is an

important design feature of a dual mode data collection probe

[0049] As a result, positioning the IVUS transducer and the OCT beam director coaxially

with an axial displacement between them that ranges from about 300 to about 500 microns is

about as small as is practical without impacting the performance of one or both of the IVUS

and optical data collecting components. Table 2 below highlights the differences and benefits

associated with acquiring image data at conventional IVUS acquisition speeds and rapid

acquisition speeds.

Table 2

[0050] In Table 2, the transverse sample size is obtained as the ratio of the pullback speed

to the rotation rate. The scan line acquisition rate is the scan lines per frame multiplied by the

rotation rate. The sample acquisition rate is the samples per scan line multiplied by the scan



line acquisition rate. Theoretical IVUS penetration depth is the theoretical depth an

ultrasound wave can travel in water (at 1540 m/sec) and reflect back during a single sample

acquisition time period. In turn, the fraction of heart rate occurring between the OCT and

IVUS scan is based upon a 72 bpm heart rate and how long it takes the ultrasound data

collection element to travel 0.360 mm at the pullback speed.

[0051] In addition, Table 2 provides support for the considerations and compromises

available when re-aligning images obtained with two axially displaced data collection

elements such as a beam director and an ultrasound transceiver as part of a co-registration

process or other image data processing method. In one embodiment, the pullback speed is

controlled to essentially freeze the motion of the lumen (vessel) so the two imaging

modalities can be substantially overlaid or co-registered. For example, this can be achieved

by having a pullback speed or rate that ranges from about 18 to about 36 mm/sec. In one

embodiment the pullback speed or rate ranges from 18 to about 50 mm/sec. This allows

image data collection to be performed when the lumen is not moving such a cross-sectional

"snap shot" can be obtained by the rotating probe and associated acoustic and optical data

collection subsystems disposed in the probe.

[0052] Performing a pullback at the rates described herein stretches the transverse sample

size while reducing resolution along the lumen (vessel). In addition, performing a pullback at

the rates described herein decreases the IVUS penetration depth by reducing the time

available to wait for the returning ultrasound echoes. In contrast, imaging at pullback speeds

and rotation rates near conventional IVUS values (as shown in Table 2) result in unacceptable

motion blur between the IVUS and OCT images. This occurs, in part, because of lumen

movement based on blood moving therethrough as the heart beats. In turn, imaging a vessel

using pullback speeds and rotation rates above the rapid acquisition values, such as greater

than about 36 mm/second, is problematic. Specifically, such excessive pullback speeds result

in unacceptable IVUS imaging depth restrictions. Imaging at pullback speeds and rotation

rates near the pullback rates described herein results in a reduction in motion blur and an

increase IVUS penetration depth. As a result, an improved signal to noise ratio for images

generated using such pullback rates with the data collection probe embodiments.

[0053] To achieve these imaging results with a probe having an axially displaced optical

beam director and acoustic beam generator, various operating parameters and attributes are

first established and then controlled within certain predetermined thresholds such as the

values provided above in Tables 1 and 2 and otherwise recited herein. Specifically, in one



embodiment line transmit rates are selected or set such that are between about 25 kHz to

about 50 kHz. In turn, in one embodiment sample acquisition rates are selected or set such

that are between about 6 MHz to about 12 MHz. The pullback during which image data is

collected is set to occur within a predetermined time period at a pullback rate that ranges

from about 18 mm/sec to about 36 mm/sec. Similarly, during the pullback, the probe having

the optical and acoustic beam propagating components is rotated at a rate of probe rotation

that ranges from about 100 Hz to about 200 Hz. In addition, the distances between the

optical beam and the acoustic beam are configured such that the distance between the two

respective beams ranges from about 300 to about 500 microns.

[0054] In one embodiment, when collecting data for imaging a vessel at the rapid

acquisition speeds, the system processor is configured to generate ultrasonic pulses at a rate

that ranges from about 25 kHz to about 50 kHz. Similarly, the data acquisition system is

configured to acquire samples at a rate that ranges from about 6 MHz to about 12 MHz.

Probe Tip Embodiments

[0055] Fig. 3A shows an exemplary probe tip or cap 40 suitable for collecting image data

with respect to a sample such an artery or other blood vessel. This probe tip can be rotated

and pulled back as a component of a probe using the rapid acquisition values and rates

described herein. The probe tip 40 is disposed within a sheath (not shown) and is attached to

a probe body in one embodiment. For example, as shown in Fig. 1 a probe tip 33 is disposed

in sheath 3 1 and connected to probe body 28. In Fig. 3A, the optical fiber section 43 is part

of the probe body.

[0056] The probe tip 40 can include a first probe tip section 40a and a second section probe

tip 40b. The junction of the first and second probe tip sections can denote a transitional

boundary in which the width of the probe tip 40 changes as the second section 40b has a an

outer surface which flares our or is wider relative to the outer surface of the first section 40a.

In one embodiment, the probe tip 40 is configured to use a first imaging mode such as

ultrasound and a second imaging mode such as optical coherence tomography. Accordingly,

an optical beam and an acoustic beam propagate from the probe tip 40. Similarly, an optical

beam and an acoustic beam are scattered or reflected from the sample, such as a blood vessel

wall and then received by the optical and acoustic subsystems. These received waves are sent

as optical and electrical signals along respective optical and conductive paths in the probe

body through the PIU until they are received by the data acquisition system.



[0057] Specifically, the optical beam is directed from the probe tip 40 after the beam's

constituent light is generated from an optical source and transmitted along one or more

optical fibers or other optical paths which are sections of the sample arm of an interferometer.

For example, with respect to Fig. 1, the optical source and interferometer can each be a

component 18 of system 10. Similarly, as shown in Fig. 3A, the optical fiber 43 is a section

of the sample arm of the interferometer. The optical fiber 43 has a jacket applied to it along

some sections thereof. In Fig. 3A, no jacket is present on optical fiber 43 near the sections

wherein the optical fiber 43 is fused to another fiber section such as beam expander 45.

[0058] The section of the probe body 28 shown includes an optical fiber 43. In one

embodiment, conductive elements such as one or more wires connect to the electrical

conductors 52, 54 which serve as two contacts or electrodes for the acoustic wave generator.

The conductive elements continue from conductors 52, 54 and wrap around the optical fiber

43 in a pattern as described herein and continue as part of the probe body 28. These wrapped

conductive elements can be disposed within a torque cable (not shown). As a result, the

torque cable can be part of the probe body with the optical fiber 43 and the conductive

elements disposed in the torque cable. These electrical conductive elements are shown

relative to the optical fiber section and a torque wire in Figs. 4A and 4B.

[0059] The optical fiber 43 is in optical communication with a beam director 50 such as a

lens, lens assembly or other beam directing system. The beam director 50 can include the

angled end face of an optical fiber section. The optical fiber 43 terminates at the beam

director 50 in one embodiment. As shown, in an exemplary embodiment in Fig. 3A the

optical fiber 43 is in optical communication with one or more optical fiber portions. These

optical fiber portions or sections can include without limitation a grin lens or other portions

of an optical train such as a beam expander 45, a GRIN lens 47, and a coreless optical fiber

section 48. These optical elements are described in more detail herein.

[0060] As shown in this embodiment, the optical fiber 43 is in optical communication with

a first coreless beam expander 45 which expands the beam transmitted along optical fiber 43

from the optical source. The beam expander 45 is in turn in optical communication with a

GRIN lens optical fiber portion 47 which collimates the beam. Another coreless optical fiber

section 48 is in optical communication with the GRIN lens 47. In one embodiment, the

coreless optical fiber section 48 includes a beam director 50 at its terminus or endface. The

beam director 50 in one embodiment includes an angled reflective surface that is metalized



and formed at the end of the fiber portion 48. The beam director 50 can be configured to

direct light at an angle C as shown.

[0061] As shown in the cross-sectional view of Fig. 3B, the beam director 50 can be angled

at an angle A relative to the longitudinal axis 29 of the optical fiber 43. Three perpendicular

vectors or rays PI, P2, P3 are shown to provide a reference frame in Fig. 3B. P I is normal to

the axis 29. P2 is normal to the axis 29 and/or a ray 53 passing through the backing material

60 as shown. In one embodiment, light propagates along a fiber core that is substantially

aligned with axis 29 from a source. After the light is reflected from the beam director 50, it is

then directed through sheath 31 to a sample as light L. An acoustic wave AB is also directed

to the sample 31. The angle A of the reflective surface 5 1 of the beam director 50 is about 40

degrees relative to the longitudinal axis 29 or a ray parallel thereto in one embodiment. In

one embodiment, the angle C is approximately equal to (90 degrees - 2A degrees). In one

embodiment, A ranges from about 30 degrees to about 50. In one embodiment, A ranges

from about 35 degrees to about 45. The acoustic beam AB and the light beam L can be

separated by a distance BD which can be measured relative to the centers of each of these

two beams. In one embodiment, BD ranges from about 250 microns to about 500 microns.

[0062] In one embodiment, the angle of the reflective surface of the beam director 50 is

selected such that it is greater than or less than 45 degrees. When the angle is about 40

degrees, a first light ray propagating from the beam director will strike a portion of the sheath

(not shown) such as the transparent window at an 80 degree angle measured relative to the

longitudinal axis of the optical fiber. Since the angle of incidence at the sheath surface is less

than about 90 degrees back reflections from the sheath are reduced. Therefore, in one

embodiment, the angle of the light beam impinging on the sheath from the beam director is

configured to be less than about 90 degrees and greater than about 70 degrees. The beam

director 50 in one embodiment is concentric with axis of catheter rotation. Light travelling

along optical fiber 43 is directed by the side projecting lens structure (45, 47, 48, and 50)

such that the projected light beam impinges on a vessel wall when the probe tip 40 is

disposed in a lumen.

[0063] Although the OCT system is optically-based, the ultrasound system uses electrical

control signals to drive a transducer to produce acoustic waves. These waves can be shaped

to form a beam. The data collected using the transducer also needs to be transmitted from the

probe tip 40 along the probe body 28 for image formation. As discussed above, two electrical

conductors or electrodes 52, 54 are disposed on either side of the beam director 50 as shown.



The first and second electrical conductors 52, 54 serve as electrical signal lines for the

ultrasound detector or transducer 55. The transducer 55 is an example of an acoustic data

collection subsystem or a component thereof. In one embodiment, the transducer 55 includes

a stack of layers that include a piezoelectric material such as Lead zirconate titanate (PZT).

[0064] In one embodiment, the transducer 55 has an uppermost acoustic matching layer 56

of the ultrasound generating stack (additional matching layers are possible). The first

conductor 52 is in electrical communication with the ultrasound transducer 55 such as

through layer 56 as shown. Acoustic beams are directed at an angle from the surface of layer

56 in one embodiment of the invention. The second conductor 54 is in electrical

communication with the bottom or lower metalized surface of the piezoelectric material layer

58. Thus, in one embodiment, conductors 52 and 54 are in electrical communication with

acoustic wave generating transducer 55 through one or more layers of the transducer 55.

[0065] The ultrasound transducer 55 and the beam director 50 can each be oriented at

angles B and C as shown in Figure 3B. In one embodiment, angles B and C are selected to be

substantially the same. Angle B and angle C can range from 0 degrees to about 20 degrees.

Angles B and C can be measured relative to a perpendicular to the longitudinal axis of the

optical fiber portions such as optical fiber 43. In one embodiment, B is about 10 degrees. In

one embodiment, C is about 10 degrees. In one embodiment, the beams generated from

transducer 55 and director 50 are parallel or substantially parallel. In one embodiment, the

advantage of tilting both the acoustic beam and the optical beam is to avoid direct reflections

from the sheath in which probe tip 40 is disposed (not shown) such as sheath 31 in Fig. 1. In

one embodiment, the ultrasound transducer 55 includes a piezoelectric stack. The length of

the piezoelectric stack in one embodiment ranges from about 400 microns to about 800

microns. The height of the piezoelectric stack in one embodiment ranges from about 40

microns to about 80 microns. The thickness or width of the piezoelectric stack in one

embodiment ranges from about 300 microns to about 600 microns.

[0066] In one embodiment, an ultrasound absorbing backing material 60 is disposed behind

the transducer 55. This backing material 60 also provides support for the beam director 50

and transducer 55. A cover or housing 62 may be attached to and/or partially surrounds the

backing material 60. In one embodiment, the cover or housing 62 is optional. The backing

material can include particles of a dense material disposed in another material such as an

epoxy. In one embodiment, tungsten particles can be disposed in an epoxy as the backing

material. Ceramic materials and other dense particles can be used as the backing material.



This cover or housing 62 in one embodiment includes radio-opaque material to increase

visibility of the probe tip when an angiographic image is obtained of a patient during a

pullback. In addition, the cover or housing 62 can include a higher strength metal to improve

structural integrity of the probe tip and the optical and acoustic data collection elements.

[0067] In one embodiment, the backing material 60 can be shaped to form a support for the

beam director. For example, in one embodiment the backing material 60 defines a channel or

trench for the optical fiber to be disposed in as shown. In one embodiment, the probe tip has

an endface 6 1 that has a curved cross-sectional portion or boundary such as, for example, a

cross-section that includes a section of a circle, ellipse, or other curve. In one embodiment,

the probe tip has a tapered geometry such that the cross-sectional area along it length changes

from the endface to the end of a fiber receiving section. In one embodiment, the endface 61

includes a curved boundary 61a, such as the lower curve shown, and a substantially linear

boundary 61b.

[0068] The trench or channel, which spans section 40a in one embodiment, is configured

and sized to receive an optical fiber and/or other materials. Alternatively, the backing

material 60 can define a planar support upon which the beam director 50 and transducer 50

are disposed. The cross-section of the probe tip 40 changes along the length in one

embodiment. For example, a portion of the section of the probe tip 40 that includes the

trench or channel defined by the backing material has a first width that is less than the width

of the probe tip where the backing material supports the transducer 55. As shown in Fig. 3B,

backing material 60 can be machined and/or molded to form a region that supports the beam

director 50 and one or more fiber-based elements in optical communication with optical fiber

43 and a region that supports transducer 56. In one embodiment, the cross-section of the

backing material surrounding a portion of the beam director 48 has a width that is greater

than the width of the cross-section of the backing material surrounding a portion of optical

fiber 43 (if disposed in the channel or groove), the beam expander 45, or the GRIN lens 47.

[0069] As shown in Fig. 3A, the probe tip 40 has an ultrasound transducer 55 at its distal

end with the optical beam director 50 as close to the ultrasound transducer 55 as possible. In

this configuration, during data collection, the centers of the optical and ultrasound beams are

separated by at least ½ the dimension of the transducer and beam director combined. For a

typical transducer 55 as described above, this application of transducer and beam director

dimensions specifies, in one embodiment, a minimum separation distance between the beam



director (optical data collection subsystem) and the ultrasound transducer (acoustic data

collection subsystem) that ranges from about 300 to about 400 microns.

[0070] The relative placement of the ultrasound beam generator and the optical beam

director overcomes several problems associated with other design options. Specifically, by

positioning an ultrasound data collecting element in front of, above or alternatively distal to

the optical data collecting element neither imaging modality is compromised to an

unacceptable level.

[0071] To understand some of the other advantages of the placement of the ultrasound data

collection component and the OCT data collection component in Fig. 3A, it is informative to

consider alterative placement options relating to such components or portions thereof. For

example, as one alternative embodiment to the arrangement of Fig. 3A, the optical beam

director is placed in front of (distal to) the ultrasound beam generator. This embodiment

requires the optical fiber transmitting the OCT image data to pass through the ultrasound

backing material. In turn, this compromises the ultrasound backing material (thereby both

introducing spurious reflections and reducing the amount of backing to absorb reflected

energy) and shifts one of the optical or acoustic data collecting elements off the axis of

rotation (either reducing ultrasound sensor area or increasing OCT path length).

[0072] As a second embodiment, placing the optical and ultrasound beams coincident

requires shifting one or both data collection elements off the axis of rotation (reducing

ultrasound transducer size), as well as compromising the ultrasound data collection

subsystem's performance (by either shadowing it or requiring holes and tunnels through the

ultrasound transducer for the optical fiber and optical beam). In addition, as a third

embodiment, the optical and ultrasound beams can be diametrically opposed. Such an option

requires shifting both data collection elements off the axis of rotation (reducing ultrasound

size), compromising the ultrasound backing material, and subjecting the beam reconstruction

to non-uniform rotational distortion effects.

[0073] As discussed above with respect to Fig. 3A, the probe tip 40 is part of a data

collection probe configured to collect optical data and acoustic data such that OCT and IVUS

images can be generated. The probe tip is connected to a probe body 28 in one embodiment.

The probe body includes optical and electrical paths by which signals are sent to and received

from the probe tip. Additional details relating to probe body embodiments are shown in Figs.

4A and 4B and as discussed above with respect to Fig. 1.



[0074] In more detail, Fig. 4A and 4B depicts a section of a probe body 65. As shown in

Fig. 4A, the probe body includes the coated optical fiber 70 (preferentially ranging from

about 125 microns to about 155 microns in diameter). The fiber 70 is centrally disposed of

relative to other components of the probe body. Wrapped around the optical fiber 70 are a

number of individual electrical conductors 71. These conductors 7 1 can be wires or other

rigid or flexible conductors. These electrical conductors 7 1 are symmetrically wrapped

around the optical fiber to maintain rotational balance or rotational equilibrium when the

optical fiber rotates during data collection and otherwise. A radiopaque component 72 such

as a marker can be used in one embodiment. This radiopaque marker 72 can be a metal

sleeve or another device that will show up on x-rays such as used for angiography.

[0075] A torque wire 73 receives a section of the fiber 70 and the conductors 71. The

marker 72 can be welded or otherwise joined to the torque wire 73 as shown by joint 76 in

Fig. 4B. In Fig. 4B, the proximal and distal directions corresponding to those shown in Figs.

1 and 3 are shown. On the right side of Fig. 4B, the optical fiber 70 is shown with dotted

lines to indicating that it is disposed within the torque wire 73. The electrical conductors 7 1

continue to be wrapped around the fiber 70 within the torque wire. The conductors 7 1 are

shown continuing past the marker 72 in Fig. 4B. In one embodiment, the end of the fiber 70

and conductors terminate at terminal or probe connector. A probe tip 75 is shown attached to

the probe body 65. In turn, the probe tip includes an acoustic data collection subsystem 77

such as a transducer that is disposed relative to an optical data collection subsystem 79 such

as a beam director as components of the probe tip 75. The optical element 79 is positioned

proximally to the acoustic element 77 as shown.

[0076] The electrical conductors 7 1 are circuit components which constitute sections of the

electrical conductive path between the acoustic data collection element 77 which extend

along the probe body and the PIU until the path reaches the data collection system. Given

their role in transmitting control signals and ultrasound data, in one embodiment, conductors

7 1 are selected to have a low real resistance. In addition, the conductors are selected such

that the impedance of the conductors and any circuit elements or devices that constitute the

ultrasound signal transmission electronics are matched to the impedance of the ultrasound

signal receiver electronics of system 12. In one embodiment, the diameter of the wrapped

fiber and the pitch of the helical pattern are used adjust the impedance of the transmitter

electronics such that it matches the impedance of the receiver electronics. For example, in

one embodiment the resistance of conductors 7 1 is less than about 20 ohms in one



embodiment. In another embodiment, the resistance is less than about 10 ohms. In one

embodiment, the impedance of the conductors used ranges from about 50 to about 100 ohms.

[0077] In one embodiment, the helically wound assembly of conductors 7 1 over the optical

fiber 70 is configured as a twisted pair transmission line. In one embodiment, uniform

spacing of the helical twist symmetrically rotates the position of a first conductor relative to a

second conductor and allows for a rejection (or cancelling) of introduced noise from external

fields. Tighter helical pitches remove more noise, looser helical pitches allow more cable

flexibility. For example, in one embodiment the pitch is chosen to be from between about 0.5

mm to about 1.5 mm to balance noise reduction relative to cable flexibility.

[0078] The wound assembly of conductors 7 1 and optical fiber 70 is configured to be

fatigue resistance. In one embodiment the plurality of conductors 7 1 can involve two pairs of

conductors. Two pairs of 44 gauge oxygen free copper conductors (high conductance and

high fatigue strength) wrapped with a helical pitch of about 0.5 to about 1.0 cm satisfy the

resistance and impedance ranges described herein. As a result of wrapping the electrical

conductors 7 1 around the optical fiber 70, the overall diameter of the wrapped fiber increases

such that it ranges from about 0.009" to about 0.01 1". This assembly of optical fiber 70 and

wrapped conductors 7 1 is partially disposed inside of the torque cable 73. The conductors 7 1

are in electrical communication with conductors disposed in probe tip 65 and acoustic

element 79. In one embodiment, attached at the end of the torque cable 73 is a radiograph

opaque marker 76. This marker improves visibility of the probe tip 65 and provides a solid

material to connect the probe tip 65.

[0079] The torque cable 73 is a helical series of wires wound in two opposing directions so

the cable has rotational stiffness (transmits torque) but is flexible in bending. The torque

cable 73 is similar to those used in IVUS alone or OCT alone catheters. The difficulty in the

combined catheter is fitting both the electrical and optical elements inside the torque cable 73

without compromising their performance characteristics. Increasing the outer diameter of the

torque cable is not desirable because the sheath and guide catheter also then need to be

increased. As a result, the probe would need something larger than the typical 5 or 6 French

guide catheter used in catheterization lab procedures.

[0080] Fig. 5A shows a probe tip 90 that includes an ultrasound transducer 92 also referred

to as an acoustic or ultrasound data collection subsystem or component thereof. An optical

fiber 91 that is part of the probe body is shown disposed relative to components of the probe



tip 90. The beam director 93 which is configured to send and receive imaging light is also

part of the probe tip 90. In addition, as shown conductors 94, 95 are in electrical

communication with the ultrasound transducer 92 such as by being bonded to contact points

on the probe tip 90. The conductors 94, 95 are disposed on either side of the beam director

93. The conductors 94 are used to transmit signals to control the ultrasound transducer 92.

Conductors 94, 95 can serve as contact points for conductive elements such as wires which

are configured to wrap around fiber 91. The ultrasound transducer 92 is disposed on a

backing material 96 in one embodiment as shown. The backing material 92 can have an

arrow head shape with flared sides and a narrowed neck portion near the optical fiber. The

backing material can also be shaped to be a section of a cone or other conic section such as

frustum in one embodiment.

[0081] Fig. 5B shows a probe tip 90. The torque cable or wire 98 has an optical fiber at

least partially disposed therein that is in optical communication with beam director 93. In

one embodiment, the torque cable or wire 98 can include a radio-opaque marker 99

positioned near the probe tip 90. The probe tip 90 is attached to the marker 99 in one

embodiment. In turn, the marker 99 can be attached to torque wire 98.

[0082] Fig. 5C shows a section of a data collection probe 100. The sheath 102 is shown

with the probe tip 104 disposed therein. This probe tip 104 includes a beam director and an

ultrasound transducer. The torque cable 105 is disposed inside the sheath 100. A radiopaque

marker 108 is adjacent to and attached to the probe tip 104 and the torque cable 105.

[0083] The probe tips and related features described herein can be used to generated cross-

sectional views of blood vessels such as arteries. An example of such cross-sectional views

can be seen in Figs. 6A and 6B. Fig. 6A is an IVUS image showing penetration depth and

resolution generated using a processor-based system and a data set collected using a data

collection probe having an ultrasound transducer as described herein. The IVUS image of

Fig. 6A shows the penetration depth (relative to OCT) that IVUS is able to achieve. Fig. 6B

is an OCT image showing penetration depth and resolution generated using a processor-based

system and a data set collected using a data collection probe having a beam director as

described herein. The OCT image of Fig. 6B shows the enhanced resolution (relative to

IVUS) that OCT is able to achieve.

[0084] In the description, the invention is discussed in the context of optical coherence

tomography; however, these embodiments are not intended to be limiting and those skilled in



the art will appreciate that the invention can also be used for other imaging and diagnostic

modalities or optical systems in general.

[0085] The terms light and electromagnetic radiation are used interchangeably herein such

that each term includes all wavelength (and frequency) ranges and individual wavelengths

(and frequencies) in the electromagnetic spectrum. Similarly, the terms device and apparatus

are also used interchangeably. In part, embodiments of the invention relate to or include,

without limitation: sources of electromagnetic radiation and components thereof; systems,

subsystems, and apparatuses that include such sources; mechanical, optical, electrical and

other suitable devices that can be used as part of or in communication with the foregoing; and

methods relating to each of the forgoing. Accordingly, a source of electromagnetic radiation

can include any apparatus, matter, system, or combination of devices that emits, re-emits,

transmits, radiates or otherwise generates light of one or more wavelengths or frequencies.

[0086] One example of a source of electromagnetic radiation is a laser. A laser is a device

or system that produces or amplifies light by the process of stimulated emission of radiation.

Although the types and variations in laser design are too extensive to recite and continue to

evolve, some non-limiting examples of lasers suitable for use in embodiments of the

invention can include tunable lasers (sometimes referred to as swept source lasers),

superluminescent diodes, laser diodes, semiconductor lasers, mode-locked lasers, gas lasers,

fiber lasers, solid-state lasers, waveguide lasers, laser amplifiers (sometimes referred to as

optical amplifiers), laser oscillators, and amplified spontaneous emission lasers (sometimes

referred to as mirrorless lasers or superradiant lasers).

[0087] The aspects, embodiments, features, and examples of the invention are to be

considered illustrative in all respects and are not intended to limit the invention, the scope of

which is defined only by the claims. Other embodiments, modifications, and usages will be

apparent to those skilled in the art without departing from the spirit and scope of the claimed

invention.

[0088] The use of headings and sections in the application is not meant to limit the

invention; each section can apply to any aspect, embodiment, or feature of the invention.

[0089] Throughout the application, where compositions are described as having, including,

or comprising specific components, or where processes are described as having, including or

comprising specific process steps, it is contemplated that compositions of the present

teachings also consist essentially of, or consist of, the recited components, and that the



processes of the present teachings also consist essentially of, or consist of, the recited process

steps.

[0090] In the application, where an element or component is said to be included in and/or

selected from a list of recited elements or components, it should be understood that the

element or component can be any one of the recited elements or components and can be

selected from a group consisting of two or more of the recited elements or components.

Further, it should be understood that elements and/or features of a composition, an apparatus,

or a method described herein can be combined in a variety of ways without departing from

the spirit and scope of the present teachings, whether explicit or implicit herein.

[0091] The use of the terms "include," "includes," "including," "have," "has," or "having"

should be generally understood as open-ended and non-limiting unless specifically stated

otherwise.

[0092] The use of the singular herein includes the plural (and vice versa) unless specifically

stated otherwise. Moreover, the singular forms "a," "an," and "the" include plural forms

unless the context clearly dictates otherwise. In addition, where the use of the term "about" is

before a quantitative value, the present teachings also include the specific quantitative value

itself, unless specifically stated otherwise.

[0093] It should be understood that the order of steps or order for performing certain

actions is immaterial so long as the present teachings remain operable. Moreover, two or

more steps or actions may be conducted simultaneously.

[0094] It is to be understood that the figures and descriptions of the invention have been

simplified to illustrate elements that are relevant for a clear understanding of the invention,

while eliminating, for purposes of clarity, other elements. Those of ordinary skill in the art

will recognize, however, that these and other elements may be desirable. However, because

such elements are well known in the art, and because they do not facilitate a better

understanding of the invention, a discussion of such elements is not provided herein. It

should be appreciated that the figures are presented for illustrative purposes and not as

construction drawings. Omitted details and modifications or alternative embodiments are

within the purview of persons of ordinary skill in the art.

[0095] The examples presented herein are intended to illustrate potential and specific

implementations of the invention. It can be appreciated that the examples are intended

primarily for purposes of illustration of the invention for those skilled in the art. There may



be variations to these diagrams or the operations described herein without departing from the

spirit of the invention.

[0096] Furthermore, whereas particular embodiments of the invention have been described

herein for the purpose of illustrating the invention and not for the purpose of limiting the

same, it will be appreciated by those of ordinary skill in the art that numerous variations of

the details, materials and arrangement of elements, steps, structures, and/or parts may be

made within the principle and scope of the invention without departing from the invention as

described in the claims.

[0097] What is claimed is:



CLAIMS

1. An image data collection system comprising:

a data collection probe comprising:

a sheath;

a probe tip comprising

a backing material;

an optical data collection subsystem comprising a beam director

configured to direct a light beam having an optical center axis; and

an acoustic data collection subsystem disposed above a region of the

backing material and positioned distally relative to the optical data collection subsystem, the

acoustic data collection system comprising an ultrasonic transducer configured to generate an

acoustic wave having an acoustic center axis; and

a probe body, the probe tip and the probe body disposed in the sheath, the

probe body comprising an optical fiber in optical communication with the optical data

collection subsystem,

wherein the beam director and the ultrasonic transducer are positioned such that

during probe rotational speeds ranging from about 100 Hz to about 200 Hz and data

collection probe pullback speeds ranging from about 18 mm/sec to about 36 mm/sec, a time

period between when the optical center axis and the acoustic center axis light beam cross a

common reference point ranges from about M to about N.

2. The image data collection system of claim 1 wherein M is 0.01 seconds and N is 0.02

seconds.

3. The image data collection system of claim 1 wherein M is 1.2% of a cardiac cycle and

N is 2.4% of the cardiac cycle.

4. The image data collection system of claim 1 wherein the backing material defines a

channel and wherein a portion of the optical data collection system is disposed in the channel.

5. The image data collection system of claim 1 further comprising a torque wire defining

a bore; a plurality of conductors wrapped around the optical fiber in a pattern, the conductors



in electrical communication with the acoustic data collection subsystem, the conductor

wrapped optical fiber disposed in the bore.

6. The image data collection system of claim 5 wherein the pattern is a helical pattern

having a helical pitch that ranges from between about 0.5 cm and about 1.5 cm.

7. The image data collection system of claim 1 further comprising a patient interface

unit (PIU) and an image data collect system in electrical communication with the PIU, the

PIU configured to electrically couple the data collection probe to the image data collect

system.

8. The image data collection system of claim 1 wherein the image data collect system

acquires data from the acoustic data collection subsystem and the optical data collection

subsystem at an acquisition rate that ranges from about 6 MHz to about 1 MHz.

9. The image data collection system of claim 7 wherein the PIU comprises a motor

configured to retract the probe tip at a pullback rate that ranges from about 18 mm/second to

about 50 mm/second.

10. The image data collection system of claim 7 wherein the probe tip includes a first

section and a second section, the second section flares outward related to the first section at a

boundary between the respective sections, a portion of the channel spans the first section.

11. The image data collection system of claim 1 wherein the probe tip has an endface that

includes a curved boundary.

12. The image data collection system of claim 1 wherein the beam director and ultrasound

transducer are separated by a distance

13. The image data collection system of claim 7 wherein the PIU comprises a motor

configured to rotate the data collection probe at a rate of rotation that ranges from about 100

Hz to about 200 Hz.

14. The image data collection system of claim 1 wherein the beam director is angled to

direct a beam at an angle that ranges from about 0 degrees to about 20 degrees relative to a

normal to the longitudinal axis of the optical fiber.

15. The image data collection system of claim 1 wherein the optical subsystem and the

acoustic subsystem are positioned such that beams generated by each respective subsystem

are substantially parallel.



16. The image data collection system of claim 1wherein the probe tip further comprises a

first elongate conductor and a second elongate conductor and wherein the beam director is

positioned between the first elongate conductor and the second elongate conductor, each

elongate conductor in electrical communication with the ultrasound transducer.

17. The image data collection system of claim 1wherein the transducer is disposed on the

backing material, the transducer having an acoustic wave directing surface disposed at an

angle that ranges from about 5 degrees to about 15 degrees.

18. The image data collection system of claim 1wherein the acoustic subsystem and the

optical subsystem are positioned coaxially to one another.

19. The image data collection system of claim 5 wherein a resistance of the plurality of

conductors ranges from about 5 ohms to about 20 ohms.

20. An image data collection system comprising:

a data collection probe comprising:

a sheath;

a probe tip comprising

a backing material defining a channel;

an optical data collection subsystem, wherein a portion of the optical

data collection system is disposed in the channel; and

an acoustic data collection subsystem disposed above a region of the

backing material and positioned distally relative to the optical data collection subsystem; and

a probe body, the probe tip and the probe body disposed in the sheath, the

probe body comprising an optical fiber in optical communication with the optical data

collection subsystem.

21. The image data collection system of claim 20, wherein the optical data collection

subsystem comprises a beam director and the acoustic data collection subsystem comprises

an ultrasound transducer.

22. The image data collection system of claim 20 wherein the transducer is disposed on

the backing material, the transducer having an acoustic wave directing surface disposed at an

angle that ranges from about 5 degrees to about 15 degrees.



23. The image data collection system of claim 22 further comprising a torque wire

defining a bore; a plurality of conductors wrapped around the optical fiber in a pattern, the

conductors in electrical communication with the acoustic data collection subsystem, the

conductor wrapped optical fiber disposed in the bore.

24. The image data collection system of claim 23 wherein the pattern is a helical pattern

having a helical pitch that ranges from between about 0.5 cm and about 1.5 cm.

25. The image data collection system of claim 22 wherein the beam director is angled to

direct a beam at an angle that ranges from about 0 degrees to about 20 degrees relative to a

normal to the longitudinal axis of the optical fiber.

26. A method of collecting image data in a blood vessel having a wall comprising the

steps of:

rotating a probe tip comprising an optical beam director and an ultrasound transducer

at a rate of rotation;

transmitting incident optical and acoustic waves using the optical beam director and

ultrasound transducer, respectively;

receiving optical and acoustic waves reflected from the wall using the optical beam

director and ultrasound transducer, respectively;

pulling the probe tip back through the blood vessel at a pullback rate,

acquiring an OCT data set and an ultrasound data set in response to the received

optical and acoustic waves reflected from the wall; and

controlling the rate of rotation such that movement of the blood vessel is reduced

during the acquisition of the reflected optical and acoustic waves from the wall.

27. The method of claim 26 further comprising the step of generating one or more images

of sections of the wall using the OCT data set, the ultrasound data set, or both the OCT data

set and the ultrasound data set.

28. The method of claim 26 further comprising the step of controlling the pullback rate

such that the pullback rate ranges from about 18 mm/second to about 50 mm/second.

29. The method of claim 26 wherein the rate of rotation is controlled such that the rate of

rotation ranges from about 100 Hz to about 200 Hz.



30. The method of claim 26 wherein the OCT data set and the ultrasound data set are

acquired at a sample acquisition rate that ranges from about 6 MHz to about 12 MHz.

31. The method of claim 26 wherein the OCT data set and the ultrasound data set are

acquired at a line acquisition rate that ranges from 25 kHz to about 50 kHz.

32. The method of claim 26 further comprising the step of controlling the rate of rotation

and the pullback rate such that a time period between when an optical center axis and an

acoustic center axis cross a common reference point ranges from about M to about N.

33. The method of claim 32 wherein M is 0.01 seconds and N is 0.02 seconds.

34. The method of claim 32 wherein M is 1.2% of a cardiac cycle and N is 2.4% of the

cardiac cycle.
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