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(57) ABSTRACT 
A design and a fabrication method for an intravascular imag 
ing and therapeutic catheters for combined ultrasound, pho 
toacoustic, and elasticity imaging and for optical and/or 
acoustic therapy of hollow organs and diseased blood vessels 
and tissues are disclosed in the present invention. The inven 
tion comprises both a device—optical fiber-based intravascu 
lar catheter designs for combined IVUS/IVPA, and elasticity 
imaging and for acoustic and/or optical therapy—and a 
method of combined ultrasound, photoacoustic, and elastic 
ity imaging and optical and/or acoustic therapy. The designs 
of the catheters are based on single-element catheter-based 
ultrasound transducers or on ultrasound array-based units 
coupled with optical fiber, fiber bundles or a combination 
thereof with specially designed light delivery systems. One 
approach uses the side fire fiber, similar to the one utilized for 
biomedical optical spectroscopy. The second catheter design 
uses the micro-optics in the manner of a probe for optical 
coherent tomography. 
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CATHETER FOR INTRAVASCULAR 
ULTRASOUND AND PHOTOACOUSTIC 

MAGING 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is a National Stage of International Appli 
cation No. PCT/US2010/055006, filed Nov. 1, 2010 which 
claims the benefit of U.S. Provisional Application No. 
61/257,390, filed Nov. 2, 2009. The contents of each of which 
are incorporated by reference in their entirety. 

TECHNICAL FIELD OF THE INVENTION 

The present invention relates in general to the field of 
combined intravascular ultrasound, photoacoustic and elas 
ticity imaging and intravascular radiation and/or acoustic 
therapy, and more particularly, to the design and fabrication 
of an intravascular catheter for combined intravascular ultra 
Sound, photoacoustic and elasticity imaging and for intravas 
cular radiation and/or acoustic therapy. 

BACKGROUND ART 

Without limiting the scope of the invention, its background 
is described in connection with the design and fabrication of 
an intravascular catheter that combines intravascular ultra 
Sound, photoacoustic and elasticity imaging and is capable of 
intravascular radiation and/or acoustic therapy. 
WIPO Patent Application No. WO/2010/080776 (Thorn 

ton, 2010) describes a catheter assembly for an intravascular 
ultrasound system that includes a catheter and an imaging 
core disposed in the catheter. The imaging core includes a 
rotatable driveshaft, at least one light source, and at least one 
transducer. The at least one light source is disposed at a distal 
end of the rotatable driveshaft. The at least one light source is 
configured and arranged for rotating with the driveshaft and 
also for transforming applied electrical signals to light for 
illuminating an object in proximity to the catheter. Theat least 
one transducer is also disposed at the distal end of the rotat 
able driveshaft. The at least one transducer is configured and 
arranged for rotating with the driveshaft. The at least one 
transducer is configured and arranged for receiving acoustic 
signals generated by the object in response to illumination of 
the object by the light emitted from the at least one light 
SOUC. 

U.S. Pat. No. 7,711,413 issued to Feldman et al., (2010) 
relates to a catheter imaging probe for a patient. The probe of 
the Feldman patent includes a conduit through which energy 
is transmitted. The probe includes a first portion through 
which the conduit extends. The probe includes a second por 
tion which rotates relative to the conduit to redirect the energy 
from the conduit. A method for imagingapatient. The method 
includes the steps of inserting a catheter into the patient. 
There is the step of rotating a second portion of the catheter 
relative to a conduit extending through a first portion of the 
catheter, which redirects the energy transmitted through the 
conduit to the patient and receives the energy reflected back to 
the second portion from the patient and redirects the reflected 
energy to the conduit. 

Intravascular ultrasound (IVUS) imaging is widely used to 
image theatherosclerotic plaques incoronary arteries." This 
invasive catheter-based approach is suitable to detect unrec 
ognized disease, lesions of uncertain severity (40% to 75% 
Stenosis), and risk of stratification ofatheroscleroticlesions in 
interventional practice. Histopathalogical information, 
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2 
obtained from the IVUS, is not enough to characterize the 
plaques due to poor contrast between tissue’s ultrasound 
properties, therefore an additional modality Such as intravas 
cular photoacoustic imaging (IVPA) must be used to assess 
the Vulnerability of the plaques. 
The IVPA imaging as a part of combined IVUS/IVPA 

imaging that was demonstrated by Sethuraman et al. Pho 
toacoustic imaging relies on contrast of light absorption con 
stituents presented inside the arterial tissues and is based on 
an excitation of a tissue with shot laser pulses with conse 
quent detection of acoustic transients, generated as a result of 
thermal expansion." Currently, the photoacoustic imaging is 
successfully used in different biomedical areas. 
The intravascular elasticity imaging as a part of the 

described intravascular imaging is used to image a distribu 
tion of shear elastic modulus in the artery.' The elasticity 
imaging relies on a stiffness contrast of artery tissues and 
plaques content and is based on obtaining several ultrasound 
images of the same cross-section of the artery during the 
deformation of the artery's wall under either externally 
applied force or as a result of normal cardiac cycles or a 
combination thereof. Using inverse problem formulations, 
the elasticity distribution is evaluated based on a distribution 
of the strain tensor components. The elasticity imaging 
approach is widely used in various clinical applications.'' 
Once pathology is detected and its vulnerability is 

assessed, the same integrated IVUS/IVPA imaging catheter 
can be used for thermal and/or radiation and/or acoustic 
therapy of the pathology. In Such therapy, the absorbed light 
energy or acoustic energy or both is converted into a heat 
leading to necrosis of the pathology tissues. While the pulsed 
laser is coupled with the catheter to perform diagnostics 
imaging, the continuous wave (CW) source of a radiation, for 
instance, a CW laser, should be coupled with the catheter.''' 
The laser is operated at a wavelength that is primarily 
absorbed by a typical pathology of the cells and molecules. 
To enhance the radiation therapy effect, Shah et al. has 

proposed to use nanoparticles-based contrast agents.' Such 
contrast agents are conjugated with antibodies and can be 
injected into a blood vessel. After a certain time needed for 
contrast agents to reach the pathology and label the specific 
cells, the tissue is irradiated with CW laser light. The radia 
tion is primarily absorbed by nanoparticles which cause heat 
ing. The heated nanoparticles lead to a temperature increase 
in the tissue environment thus inducing therapeutic effects. 

In the acoustic therapy, a relatively low-frequency, high 
intensity focused ultrasound (HIFU) beam is directed in the 
area of the detected pathology and, due to acoustic absorp 
tion, Scattering and/or reflecting, leads to a temperature 
increase thus resulting in necrosis of the pathology 
tissues.' The HIFUtreatment is also well-known modality 
of non-invasive therapy and can be performed either from 
outside or from the inside of the artery. However, to perform 
all of these imaging and therapy procedures clinically, spe 
cially designed catheters need to be used. Currently available 
catheters cannot be used both for combined IVUS, IVPA and 
elasticity imaging and for radiation and/or acoustic therapy. 
The present invention describes two representative designs 

of fiber-based integrated catheters both for combined IVUS/ 
IVPA imaging and for intravascular radiation and/or acoustic 
therapy. One design is based on single-element catheter 
based ultrasound transducers coupled with specially 
designed light delivery systems. In this approach, the light 
delivery system is based on the side fire fiber, similar to that 
utilized for biomedical optical spectroscopy or on the 
micro-optics in a manner of a probe for optical coherent 
tomography. In the second design, the integrated catheter is 
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based on ultrasound array transducer that also is coupled with 
the side fire fiber or micro-optics light delivery system. In 
both types of the integrated catheters, the light delivery sys 
tems were designed to direct the light into the area or tissues 
imaged by the ultrasound transducer. In addition to that, the 
CW radiation utilized for radiation therapy is also delivered in 
the same area. Finally, an intravascular acoustic therapy can 
be performed using one or more ultrasound units that deliver 
the acoustic radiation in the desired area of the artery. Tunable 
in wide spectral range a NS-pulsed laser-based system was 
employed as a light Source for photoacoustic imaging, while 
ultrasound pulser/receiver was used for ultrasound imaging. 

DISCLOSURE OF THE INVENTION 

In one embodiment the present invention describes a 
device for intravascular ultrasound, photoacoustic and elas 
ticity imaging or for intravascular radiation and/or acoustic 
therapy or for both comprising one or more intravascular 
ultrasound units comprising a proximal and a distal end and 
one or more optical units comprising a proximal end and a 
distal end combination. The ultrasound unit is comprised of 
one or more single-element ultrasound transducers, an array 
of ultrasound transducers or a combination of both. In one 
aspect one or more ultrasound units are used for imaging 
purposes transmitting ultrasound waves about the distal end 
of the catheter near orthogonally to the integrated catheter's 
longitudinal axis and to receiving both scattered and reflected 
into tissue ultrasound waves to reconstruct ultrasound images 
of artery's cross-section, to collect the consequences of ultra 
sound frames utilized for reconstruction a distribution of 
elastic properties of the artery's tissues and to detect ultra 
Sound waves generated in tissue due to light-tissue interaction 
for reconstruction of photoacoustic images of the artery's 
cross-section or a combination of thereof. In another aspect 
the one or more ultrasound imaging and therapeutic units may 
rotate around a longitudinal axis of the catheter. In another 
aspect one or more of same ultrasound units are used for 
therapeutic purposes transmitting and focusing low-fre 
quency high-power acoustic energy about the distal end of the 
catheter near orthogonally to the integrated catheter's longi 
tudinal axis to irradiate the pathology leading to initiate tissue 
necrosis. In yet another aspectat least one ultrasound imaging 
and therapeutic unit is capable of transmitting an ultrasound 
wave about the distal end of the catheter at near rightangles to 
the longitudinal axis of the catheter. 

The optical unit is comprised of one or more optical fibers, 
optical fiberbundles or a combination of both and one or more 
light delivery systems mounted at the distal end of one or 
more optical fibers, optical bundles or combination of 
thereof. In one aspect one or more optical units are used for 
imaging purposes delivering the short pulses of radiation at 
desired spectral range into alumen and emitting the light near 
orthogonally to the integrated catheter's longitudinal axis to 
generate ultrasound waves from tissues due to absorption of 
radiation and consequent thermal expansion of heated areas 
of arterial tissues. In one aspect the one or more optical units 
based on a single optical fiber, optical bundle or a combina 
tion thereof may rotate around a longitudinal axis of the 
catheter. In another aspect one or more optical units are used 
for therapeutic purposes delivering a high-power CW radia 
tion or quasi CW radiation at desired spectral range about the 
distal end of the catheter near orthogonally to the integrated 
catheter's longitudinal axis to irradiate the pathology leading 
to tissue necrosis. A light-transparent tube comprising a 
sealed distal end and an open proximal end enclosed one or 
more optical units distalends such that lumen content cannot 
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reach the distal ends of the optical units. In one aspect, related 
to a side fire fiber-based catheter, the light transparent tube 
traps a medium such as gas enclosure to create a difference in 
the refractive index between the optical units material, and 
the gas was entrapped around the distal end of the optical fiber 
that was polished at a certain angle to redirect the light from 
the polished surface using total internal reflection effect. In 
another aspect, related to a micro-optic-based catheter, the 
distal end of the optical fiber is polished near orthogonally to 
the integrated catheter's longitudinal axis and emitted light is 
redirected at the desired angle by one or more optical ele 
ments such as micro-mirror, micro-prism, etc. or in any com 
binations, and a light-transparent tube traps a medium such as 
saline to avoidemitted radiation attenuation due to interaction 
with lumen content before light redirection. In both aspects, 
the light-transparent tube is also used to protect a patient from 
possible broken-off parts of the catheter. A fixture that is solid 
near distal end of the device and flexible along the integrated 
catheter is used to assemble the ultrasound units, optical units 
or both at the distal end to provide maximum overlap between 
one or more ultrasound beams emitted by one or ultrasound 
units and one or more light beams emitted by one or more 
optical units so the design of the fixture is suitable to concen 
trate the light in the area where the ultrasound waves propa 
gate, to encapsulate the parts of the device to make integrated 
catheter round in cross-section, miniature and safe, and to be 
used as drive for cross-sectional and longitudinal scan of the 
vessel lumen. 

In another embodiment the present invention describes an 
intravascular ultrasound, photoacoustic and elasticity imag 
ing method. An intravascular ultrasound imaging is capable 
of reconstructing the distribution of ultrasound impedances in 
one imaged cross-section of artery or in several cross-sections 
of the artery. An ultrasound pulser/receiver operated in the 
pulse-echo mode is connected to the proximal end of the 
ultrasound imaging unit. An intravascular photoacoustic 
imaging is capable of reconstructing the distribution of opti 
cal absorption in the area of the artery where one or more 
ultrasound units of the catheter are directed to. A light source 
operated at one or more wavelengths capable of providing the 
best contrast between healthy tissues and plaque content or 
contrast agents or combination of both is connected to the 
proximal end of the one or more optical units. The light is 
emitted from the distal end of one or more optical units to 
irradiate the area of the artery where the one or more ultra 
Sound imaging units are directed to, while the ultrasound 
pulsed/receiver is operated in echo mode detecting the ultra 
Sound waves generated from the tissue as a result of thermal 
expansion after absorbing the electromagnetic waves. An 
elasticity imaging is capable of creating a distribution of shear 
modulus of the artery tissues and plaques in the imaged cross 
section. The ultrasound pulser/receiver is operated in pulse 
echo mode and several ultrasound images of the same cross 
section of the artery are obtained while either external force is 
applied to the artery to initiate motions of the artery or the 
artery tissues are moved by during the cardiac cycles. The 
obtained frames can be converted into elasticity images. For 
radiation therapy purposes, a CW light source operated at one 
or more wavelengths capable of interacting with plague tis 
Sues or contrastagents is connected to the proximal end of one 
or more optical units. The distal end of the catheter is located 
and oriented Such that the target is irradiated and light is 
concentrated fully or partially in the area of interest of the 
artery. The ultrasound pulser/receiver is operated in the pulse 
echo mode to monitor the heating process ultrasonically. Dur 
ing the therapy process, one or more optical units and one or 
more ultrasound units that are not utilized for the therapy can 
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be used for ultrasound, photoacoustic and elasticity imaging, 
separately or in combination thereof, to monitor the treated 
area of the artery. For acoustic therapy purposes, one or 
more ultrasound units generate high-intensity ultrasound 
waves concentrated on the area under treatment.’’ 

In one embodiment the present invention is an intravascu 
lar photoacoustic imaging and therapeutic catheter compris 
ing: one or more intravascular ultrasound imaging and thera 
peutic units comprising a proximal end and a distal end, 
wherein the distal end comprises one or more single-element 
ultrasound transducers, one or more ultrasound arrays or a 
combinations thereof, wherein the proximal end comprises a 
port connecting at least one ultrasound unit to a pulser/re 
ceiver, one or more optical units comprising a proximal end 
and a distal end combination, wherein the distal end com 
prises one or more optical fibers, one or more optical bundles 
or a combination of both and one or more light delivery 
systems mounted on one or more optical fibers or one or more 
optical bundles or both, wherein the proximal end comprises 
a port to couple at least one optical unit to a pulsed light Source 
and/or to couple at least one optical unit to a CW and/or 
long-pulse light Source, an ultrasound pulser/receiver con 
nected to the proximal end of the one or more ultrasound 
imaging and therapeutic units, a pulsed light source con 
nected to the proximal end of the one or more optical units 
having a pulsed laser fluence, a CW light source connected to 
the proximal end of one or more optical units having a CW 
laser fluence, and an imager connected to the proximal end of 
the unit to capture one or more ultrasound, photoacoustic and 
elasticity images, wherein a majority of a laser and ultrasound 
energy is Omni-directionally directed at a targettissue and the 
imager is capable both of a distribution reconstruction of an 
ultrasound impedance, a shear elastic modulus and an optical 
absorption in an imaged target tissue cross-section and of 
performing an optical and/or an acoustic therapy. In one 
aspect the one or more optical units are incorporated longi 
tudinally in or about the catheter. In another aspect the one or 
more ultrasound units are incorporated longitudinally in or 
about the catheter. In both aspects the integrated ultrasound 
and optical imaging and therapeutic device comprises one or 
more single-element ultrasound transducers, an ultrasound 
transducer array or a combination thereof and an optical fiber, 
an optical fiberbundle or a combination of thereof. In further 
aspects the integrated device may rotate around its longitudi 
nal axis inside a lumen driven by one or multiple motors 
operated with the imager. 

In one aspect at least one ultrasound imaging and thera 
peutic unit of the present invention is capable of transmitting 
an ultrasound wave about the distalend of the catheter and can 
irradiate an artery with pulsed ultrasound waves with conse 
quent detection of the reflected and scattered ultrasound 
waves in a tissue. The one or more ultrasound imaging and 
therapeutic units can provide pulses of ultrasound waves with 
duration in a range of 1 nanosecond through 1 microsecond 
with a consequent detection of the ultrasound waves reflected 
and/or scattered from the tissues. In a specific aspecta central 
frequency of one or more ultrasound imaging and therapeutic 
units is chosen to provide a required resolution and a penetra 
tion depth to image the artery and nearby tissues and plaques. 
In another aspect the one or more ultrasound imaging and 
therapeutic units can irradiate the artery with a long pulse or 
CW ultrasound wave to provide a therapeutic effect. The 
central frequency of one or more ultrasound imaging and 
therapeutic units is chosen to provide an ultrasound wave 
capable of performing atherapy. The present invention allows 
for varying the duration of the pulses and a duty cycle of 
ultrasound waves as required for acoustic therapy. 
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6 
The one or more optical units comprise one or more optical 

fibers, a fiber bundle or a combination thereof. The one or 
more optical units illuminate an area about the distal end of 
the catheter such that the emitted radiation overlaps with the 
ultrasound waves emitted by one or more ultrasound imaging 
and therapeutic units. In a further aspect the one or more 
optical units are designed to concentrate light in an area where 
the ultrasound waves propagate. In a specific aspect the proxi 
mal end of the one or more optical fibers or the fiber bundles 
comprises a polished flat tip near perpendicularly to the lon 
gitudinal axis of the catheter, wherein the tip is designed to be 
coupled with a light source. One or more ultrasound units and 
one or more optical units are mounted into a single device 
Such that both ultrasound and optical radiations can penetrate 
non-obstructively and be aligned into the same space for 
maximum overlap with each other. The light delivery system 
in the present invention is mounted on the distal end of the one 
or more optical fibers or optical bundles or combination 
thereof 

In one aspect a light delivery system is based on micro 
optics. The micro-optics is attached to the distal end of the one 
or more optical units. An optically transparent tube sealed on 
the distal end is mounted on the distal end of the one or more 
optical units as a separation between the micro-optics and 
imaged tissue. The tube is filled by a medium such as saline or 
water to reduce the radiation loss during light transmission. In 
another aspect a light delivery system utilizes the total inter 
nal effect. The distal end of optical fibers is polished at a 
certain angle to redirect light to almost near-right angle rela 
tive with respect of the longitudinal axis of the catheter. The 
optically transparent tube sealed on the distal end is mounted 
on one or more optical units hermetically to trap a medium 
Such as gas near the distal end of optical units to create a 
difference in the refractive index between the optical units 
material and the entrapped medium. In both aspects the opti 
cally transparent tubes in both designs of the present inven 
tion is also mounted on the distal end of the one or more 
optical units to prevent mechanical damage of the artery. In 
one aspect the one or more optical units emits short pulsed 
light with a high fluence to perform a photoacoustic imaging. 
In another aspect the one or more optical units are capable of 
transmitting the CW or the long-pulse radiation to perform a 
light therapy. 

In one aspect the pulsed laser is coupled with the proximal 
end of one or more optical units to irradiate the target tissue at 
one or more wavelengths, wherein the wavelengths of elec 
tromagnetic radiation are chosen to provide the best optical 
contrast. In another aspect of the device of the present inven 
tion the CW laser is coupled with proximal end of the one or 
more optical units to irradiate target tissues at one or more 
wavelengths. Both pulsed and CW laser sources can be 
coupled with same or different optical units as it is required 
for necessary procedure. In yet another aspect of the device of 
the present invention the imager is capable of providing the 
reconstructed distributions of ultrasound impedances, optical 
absorption and shear elastic modulus and of instructing a user 
to perform an acoustic and/or an optical therapy. 

In another embodiment the present invention provides a 
method of imaging and treating a target tissue in a subject 
comprising the steps of: (i) identifying a Subject in need of 
treatment of a target tissue using an intravascularimaging and 
therapeutic device capable of combined intravascular ultra 
Sound, photoacoustic and elasticity imaging, (ii) irradiating 
the target tissue with radiation and/or ultrasound energy from 
an intravascular imaging and therapeutic device comprising: 
one or more intravascular ultrasound imaging and therapeutic 
units comprising a proximal end and a distal end, wherein the 
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distal end comprises one or more single-element ultrasound 
transducers, one or more ultrasound arrays or a combinations 
thereof, wherein the proximal end comprises a port connect 
ing at least one ultrasound unit to a pulser/reliever, one or 
more optical units comprising a proximal end and a distal end 
combination, wherein the distal end comprises one or more 
optical fibers, one or more optical bundles or a combination of 
both, wherein the proximal end comprises a port to couple at 
least one optical unit to a pulsed light source and/or to couple 
at least one optical unit to a continuous wave (CW) light 
Source wherein a majority of a laser and ultrasound energy is 
Omni-directionally directed at a target tissue; an ultrasound 
pulser/receiver connected to the proximal end of the one or 
more ultrasound imaging and therapeutic units; a pulsed light 
Source connected to the proximal end of the one or more 
optical units having a pulsed laser fluence; a CW light Source 
connected to the proximal end of one or more optical units 
having a CW laser fluence; and an imager connected to the 
proximal end of the unit to capture one or more ultrasound, 
optical and elasticity images, and the imager is capable both 
of reconstruction of distributions of an ultrasound impedance, 
a shear elastic modulus and an optical absorption in an 
imaged target tissue cross-section and of performing a radia 
tion and/or an acoustic therapy, (iii) reconstructing a distri 
bution of an ultrasound impedance, a distribution of a shear 
elastic modulus and a distribution of an optical absorption in 
an imaged tissue cross-section or a combination of thereof, 
(iv) performing an acoustic and/or a radiation therapy of the 
target tissues, (v) performing the imaging and therapy all 
together or separately in any combinations thereof 

In one aspect of the method of the present invention related 
to imaging the distribution of the ultrasound impedance is 
reconstructed by transmitting of short ultrasound waves into 
the target tissue with consequent detection of reflected and 
scattered ultrasound waves. In another aspect of the method 
of the present invention the distribution of the optical absorp 
tion is reconstructed by transmitting of short light pulses into 
the target tissue with a consequent detection of ultrasound 
waves generated in the tissue due to thermal expansion by the 
irradiated light. In yet another aspect the distribution of shear 
elastic modulus is reconstructed by collecting of multiple 
ultrasound images where one or more strain tensor compo 
nents are measured assessing local tissue's displacement in 
response to an external or a cardiac loading. 

In one aspect of the method of the present invention related 
to the therapy the one or more ultrasound units irradiate an 
artery with long ultrasound pulses to perform an acoustic 
therapy of the artery. In another aspect the one or more optical 
units can irradiate tissues by CW or long light pulses to 
perform an optical therapy. In yet another aspect the optical 
and the acoustic therapy can be performed either simulta 
neously or separately. In a related aspect the reconstruction of 
the distributions and therapy can be performed either simul 
taneously or consequently, where ultrasound, photoacoustic 
and elasticity imaging can be performed during the therapy 
using optical and ultrasound units that are not engaged in 
therapy to guide and monitor the treatment. In a certain aspect 
the imager is capable of providing an imaging result or a 
therapy result in a format determined by a user. 

DESCRIPTION OF THE DRAWINGS 

For a more complete understanding of the features and 
advantages of the present invention, reference is now made to 
the detailed description of the invention along with the 
accompanying figures and in which: 
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FIGS. 1A-1C are representations of the side fire fiber 

based integrated IVUS/IVPA imaging catheter: FIG. 1A 
demonstrates the operation of the catheter. If total internal 
reflection (TIR) effect is reached for the light propagating 
along the fiber's axis, this light will be reflected from the 
polished Surface (beam 1). Due to non-zero numerical aper 
ture (NA) of the fiber and with the same B, TIR conditions are 
all the more valid for some portion of light propagating at the 
angle 0 to C. in respect to the fiber axis (beam 2). However, 
under the same conditions, loses of the light are possible since 
TIR effect is not valid for portion of light propagating at the 
angle 0 to -C. in respect to the fiber axis (beam 3), FIG. 1B is 
a photograph of the proximal end of the integrated IVUS/ 
IVPA side fire fiber-based catheter utilizing the TIR effect, 
and FIG. 1C depicts an alignment between ultrasound and 
light beams; 

FIGS. 2A and 2B show a mirror-based integrated IVUS/ 
IVPA catheter: FIG. 2A is a photograph of distal end of the 
mirror-based integrated IVUS/IVPA imaging catheter and 
FIG. 2B depicts an alignment of the ultrasound and light 
beams; 

FIGS. 3A and 3B shows a distal end of a side fire fiber 
based IVUS/IVPA imaging catheter capable of rotating 
inside alumen: FIG.3A shows a photograph of the view of the 
catheter and a magnified view of an ultrasound transducer and 
an outlet of light delivery system are shown and FIG. 3B is a 
schematic diagram of the catheter shown to clarify its con 
struction; 

FIG. 4 demonstrates designs of a distal end of the inte 
grated IVUS/IVPA imaging catheters—a schematic diagram 
demonstrating a design wherein an ultrasound unit is a single 
element market-available intravascular ultrasound imaging 
catheter that rotates inside of a lumen while optical unit 
comprises several optical fibers with a light delivery system 
installed at each optical fiber. The light delivery system is 
stationary and irradiates a whole cross-section of an artery 
imaged by ultrasound imaging catheter, 
FIGS.5A and 5B show a distal end of a ultrasound array 

based integrated IVUS/IVPA catheter with light delivery sys 
tem that utilizes a single side fire fiber: FIG.5A is a schematic 
diagram demonstrating a design wherein an ultrasound unit is 
an ultrasound array that is not rotated while the optical unit is 
a single optical fiber with installed light delivery system. The 
optical fiber is rotated inside the lumen and consequently 
irradiates parts of an artery that is been imaged by the ultra 
sound array, FIG. 5B shows a photograph of the prototype of 
the integrated IVUS/IVPA catheter based on an ultrasound 
array and light delivery system utilizing TIR effect; 

FIG. 6A is a photograph and FIG. 6B is a diagram of the 
pencil rod-based phantom used in the IVUS/IVPA tissue 
mimicking studies; 

FIG.7 shows a block diagram of the combined IVUS/IVPA 
imaging system operating with an integrated catheter, 

FIGS. 8A-8D show study images obtained by the side fire 
fiber- and mirror-based integrated IVUS/IVPA catheter: FIG. 
8A is ultrasound, FIG. 8B is a photoacoustic image of the 
phantom without tissue-mimicking environment in water 
obtained using the side fire fiber-based integrated IVUS/ 
IVPA catheter, FIG. 8C is ultrasound, and FIG. 8D is a pho 
toacoustic image of the phantom without tissue-mimicking 
environment in water obtained using the mirror-based inte 
grated IVUS/IVPA catheter; 

FIGS. 9A-9D show study images obtained by the side fire 
fiber- and mirror-based integrated IVUS/IVPA catheter: FIG. 
9A is ultrasound, FIG.9B is a photoacoustic image of the 
phantom with tissue-mimicking environment in water 
obtained using the side fire fiber-based integrated IVUS/ 
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IVPA catheter, FIG.9C is ultrasound, and FIG.9D is a pho 
toacoustic image of the phantom with tissue-mimicking envi 
ronment in water obtained using the mirror-based integrated 
IVUS/IVPA catheter: 

FIGS. 10A and 10B show study images obtained by the 
side fire fiber-integrated IVUS/IVPA catheter: FIG. 10A is 
ultrasound and FIG. 10B is a photoacoustic image of the 
phantom without tissue-mimicking environment in 20% 
solution of low-fat milk obtained using the side fire fiber 
based integrated IVUS/IVPA catheter: 

FIGS. 11A and 11B show study images obtained by the 
mirror-based integrated IVUS/IVPA catheter: FIG. 11A is an 
ultrasound image and FIG. 11B is a photoacoustic image of 
the phantom with tissue-mimicking environment in water 
obtained using the mirror-based integrated IVUS/IVPA cath 
eter. The catheter is realigned such that transducer is shifted 
two millimeters away from the mirror; 

FIG. 12A demonstrates the experimental setup where the 
phantom in a plastic mold was stored in a water tank while the 
catheter is inserted into the phantom lumen and rotated 
within; 

FIGS. 12B and 12C shows study images obtained by the 
rotatable side fire fiber-based integrated IVUS/IVPA cath 
eter: FIG. 12B is an ultrasound, and FIG. 12C is a photoa 
coustic image of the phantom with tissue-mimicking environ 
ment obtained using the mirror-based integrated IVUS/IVPA 
catheter; and 

FIGS. 13A and 13B show study images obtained using the 
ultrasound array-based integrated IVUS/IVPA catheter with 
side fire fiber-based light delivery system (FIG. 5B): FIG. 
13A is ultrasound and FIG. 13B is a photoacoustic image of 
the phantom without tissue-mimicking environment in water 
obtained using the ultrasound array-based integrated IVUS/ 
IVPA catheter with side fire fiber-based light delivery system 
irradiating the one pencil rod. 

DESCRIPTION OF THE INVENTION 

While the making and using of various embodiments of the 
present invention are discussed in detail below, it should be 
appreciated that the present invention provides many appli 
cable inventive concepts that can be embodied in a wide 
variety of specific contexts. The specific embodiments dis 
cussed herein are merely illustrative of specific ways to make 
and use the invention and do not delimit the scope of the 
invention. 
To facilitate the understanding of this invention, a number 

of terms are defined below. Terms defined herein have mean 
ings as commonly understood by a person of ordinary skill in 
the areas relevant to the present invention. Terms such as “a”, 
“an and “the are not intended to refer to only a singular 
entity, but include the general class of which a specific 
example may be used for illustration. The terminology herein 
is used to describe specific embodiments of the invention, but 
their usage does not delimit the invention, except as outlined 
in the claims. 
The term "photoacoustic or optoacoustic imaging as used 

herein applies to any imaging method in which an electro 
magnetic radiation generates a detectable pressure wave or 
Sound from which an image is calculated. As used herein, the 
term “intravascular refers to within a blood vessel (for 
example, an artery, vein or capillary). 
As used herein the term “catheter broadly encompasses a 

wide array of devices for accessing remote locations, particu 
larly within interior bodily vessels and cavities. Medical cath 
eters may be used for tissue sampling, temperature measure 
ments, drug administration or electrical stimulation to a 
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10 
selected tissue. With fiber optics, they may carry light for 
visual inspection of tissues. Medical catheters are generally 
maneuverable through anatomical cavities, vessels, and other 
structures of the body. 
The term “optical fiber” as used herein is generally under 

stood to refer to a light waveguide which, in its simplest form, 
consists of at least two layers of glass. One layer forms the 
core of the fiber and the other forms the fiber cladding and is 
placed round the core, whilst having a refractive index below 
that of the core. 
The term “transducer array' as used herein refers to a series 

made up of a plurality of ultrasonic transducers, preferably 
situated directly adjacent to one another. The individual trans 
ducers are preferably positioned in alignment and generate, 
for example, flat or cylindrical ultrasonic waves. However, 
the transducer array may also be designed in Such a way that 
spherical, ellipsoidal or otherwise curved wave fronts are 
generated. 
The term “laser fluence' as used in the specification is a 

unit indicating the energy density of laser-light, which is 
obtained by integrating the energy amount per unit area by 
time. To be more specific, the “laser fluence' is an average 
intensity of laser light measured at a laser Source or in an 
irradiation region. 
The term “total internal reflection” refers to the reflection 

that occurs within a Substance because the angle of incidence 
of light Striking a boundary Surface is in excess of the critical 
angle. The term “angle of incidence” refers to the angle 
formed between a ray of light striking a surface and the 
normal to the surface at the point of incidence. A “light ray” 
or “ray of light' is one of the radii of a wave of light that 
indicates the direction of light travel. 
The term “image' as used herein broadly refers to any 

multidimensional representation, whether in tangible or oth 
erwise perceptible form or in a computer memory or a storage 
medium, whereby a value of some characteristic is associated 
with each of a plurality of locations corresponding to dimen 
sional coordinates of an object in physical space, though not 
necessarily mapped one-to-one thereonto. The term "image' 
also includes an ordered representation of detector signals 
corresponding to spatial positions. For example, the image 
may be an array of values within an electronic memory or 
holographic medium, or, alternatively, a visual image may be 
formed on a display device Such as a video screen or printer. 
Thus, for example, the graphic display of the spatial distribu 
tion of Some feature, such as atomic number, in one or more 
colors constitutes an image. Similarly, “imaging refers to the 
rendering of a stated physical characteristic in terms of one or 
more images. 
The term “proximal end is considered to be the end closest 

to an operator, while the term “distal end indicates the end of 
the device farthest from the operator. 
The term “micro-optics' includes fine structures causing 

refraction and/or diffraction, the structures having character 
istic depths/heights and often also widths of typically a few 
micrometers, for example of 0.5 um-200 um, preferably of 
between 1 um and about 50 um or between 1 um and about 30 
um. In other words, the characteristic profile depths and the 
profile widths are of the order of a few wavelengths up to a 
few tens of wavelengths for refractive optics and of about one 
wavelength up to a few wavelengths for diffractive optics. 
The term “wavelength' as used herein refers to the actual 

physicallength comprising one full period of electromagnetic 
oscillation of a light ray or light beam. The term “irradiation' 
is broadly defined hereinto include any process for treating or 
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exposing something to light or other radiant energy to create 
a relatively more visibly marked portion compared to Sur 
rounding portions. 
The present invention describes two designs of an inte 

grated intravascular ultrasound, photoacoustic (IVUS/IVPA) 
and elasticity imaging catheter capable both of combined 
intravascular ultrasound, photoacoustic, and elasticity imag 
ing and of radiation and/or acoustic therapy on an artery 
and/or nearby tissues. Such catheter consists of one or more 
ultrasound units that are either a single element ultrasound 
transducer oran ultrasound array transducer or a combination 
thereof, and one or more optical units that comprise one or 
more optical fibers, one or more optical bundles or a combi 
nation thereof. A light delivery system is mounted on one or 
more optical units. The one or more ultrasound units and one 
or more optical units are assembled into a single device Such 
that ultrasound and optical beams propagate orthogonally to 
the longitudinal axis of the catheter with maximum overlap 
with each other. 

The elasticity imaging of an artery is performed by one or 
more ultrasound units and is based on an intravascular ultra 
Sound imaging of the artery. The radiation therapy is per 
formed by one or more optical units that are also utilized in 
intravascular photoacoustic imaging. The acoustic therapy is 
performed by one or more ultrasound units that are also 
utilized in both ultrasound and photoacoustic imaging. The 
radiation therapy is performed by one or more optical units 
that are also utilized in photoacoustic imaging. Therefore, if 
the integrated IVUS/IVPA catheter is capable of combined 
IVUS/IVPA imaging, then it is also capable both of an intra 
vascular elasticity imaging and of radiation therapy. A 
detailed description of two designs of an integrated IVUS/ 
IVPA imaging catheter is given below. 
A side fire fiber-based and a mirror-based catheter both 

utilizing a single-element ultrasound transducer and a side 
fire fiber-based catheter utilizing and ultrasound array are 
described in the present invention. Commercially available 
ultrasound transducers are utilized for ultrasound imaging 
and detection of photoacoustic transients. Laser pulses are 
delivered by custom-designed optical system mounted on the 
distal tip of a single optical fiber combined with the ultra 
Sound transducer or transducer array into a single device. 

Cardiovascular diseases represent a significant clinical 
problem with more than a million deaths annually due to 
problems associated with the arteries. The most common 
reason of the mortality is the formation and development of 
atherosclerotic plaques on artery's walls. These plaques nar 
row the cross-section of the vessels thus obstructing the nor 
mal blood flow. In addition, the vulnerability of the athero 
sclerotic plaques depends on their composition.’’ 
Therefore, a successful treatment of the disease can be 
achieved if the distribution and the Vulnerability of the 
plaques are diagnosed reliably. 
A number of imaging techniques can be applied for diag 

nostic and treatment of the plaques. IVUS imaging is used to 
image theatherosclerotic plaques incoronary arteries." This 
invasive catheter-based approach can detect unrecognized 
disease, lesions of uncertain severity (40% to 75% stenosis), 
and risk of stratification ofatheroscleroticlesions in interven 
tional practice. However, histopathalogical information, 
obtained from the IVUS, is not enough to characterize the 
plaques due to poor contrast between tissue’s ultrasound 
properties. To further assess the Vulnerability of the plaques, 
the present inventors previously introduced IVPA imaging. 

The photoacoustic imaging component of a combined 
IVUS/IVPA was demonstrated by Sethuraman et al. A num 
ber of Scientific groups use the photoacoustic technique Suc 
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12 
cessfully for various vascular medical applications.' Pho 
toacoustic imaging relies on contrast of light absorption 
properties of the tissues and is based on an excitation of a 
tissue with laser pulses and with consequent detection of 
acoustic transients, generated as a result of thermal expan 
sion.” The applicability of the combined IVUS/IVPA imag 
ing to detect and differentiate atherosclerosis has already 
been demonstrated, but a specially designed catheter is 
needed to use Such imaging clinically. 

For IVUS imaging, an ultrasound imaging unit—a single 
element catheter-based ultrasound transducer or an ultra 
sound array is used clinically. To realize the IVPA imaging 
modality, an optical unit based on single optical fiber, optical 
fiberbundle or a combination thereofshould be incorporated 
with the ultrasound imaging unit. The fiber-based imaging 
units have already been reported for photoacoustic" and 
ultrasound' imaging separately, however, the integrated 
IVUS/IVPA imaging device capable both of combined IVUS/ 
IVPA and elasticity imaging and of radiation and/or acoustic 
therapy has not been realized. In addition, both reported 
designs are selectively sensitive to signals coming along an 
axis of the catheter while a selectivity to signals coming 
across the axis is required for clinical applications. 

In the present invention, two designs of integrated IVUS/ 
IVPA imaging catheters for combined IVUS/IVPA imaging 
are described. Particularly, one design is based on single 
element catheter-based ultrasound transducers incorporated 
longitudinally with a single optical fiber. In another design, an 
ultrasound array is incorporated with a fiber-based optical 
unit. In both designs, single optical fibers with a proximal end 
polished flat and perpendicularly to the optical axis of the 
fiber were used. The specially designed light delivery systems 
capable of redirecting light at near right angle related to the 
optical axis of the fiber were mounted on a distal end of the 
fiber. One design of the light delivery systems uses the side 
fire fiber, similar to that utilized for biomedical optical spec 
troscopy. The second design uses the micro-optics like a 
probe for optical coherent tomography." All designs of inte 
grated IVUS/IVPA imaging catheters must have a port for 
guide wire which is not shown in prototypes. 
The operation of side fire fiber shown schematically in 

FIG. 1A is based on the total internal reflection (TIR) effect. 
The critical angle Y of TIR is defined as: 

y = arcsin, fined ) (1) 
ficore 

where n, and n are refraction coefficients of medium 
outside of a fiber and of a fiber's core. If B is an angle offibers 
polishing then TIR effect appears when 

Bs 90-y (2) 

However, the Eq. (2) has to be corrected due to fiber's non 
Zero NA. A full cone angle 2C. of light inside of a fiber is 
defined as: 

(3) 2. a = 2.90-arcsin, -), ficore 

where n is a refraction coefficient of fiber's cladding. 
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Considering Eqs. (1-3), TIR effect appears when the polish 
ing angle ?o obeys the condition: 

ilmed (4) 
ficore 

A decrease of B results an evaluation of the TIR effect con 
tribution up to 100% when Breaches Bo: 

fict (5) )-arcsin Tai). ficore 

Since a near right-angle light rotation is required, the blood 
in alumen has to be substituted by a gas near fiber's distal end. 
In the case of air, angles B and B will comprise 62.25° and 
31.03° respectively, so light can be redirected within angle of 
0 to 62.06° fully and within 62.06° and 124.5° partially. 
The photograph of a working prototype of the side fire 

fiber-based integrated IVUS/IVPA imaging catheter 100 and 
its schematic diagram are shown in FIGS. 1B and 1C, respec 
tively. In this particular case, the distal end of the optical fiber 
102 is polished at the angle of B-33° and an air cup 104 is used 
as an air trapper near the distal end of the optical fiber 102. 
The ultrasound transducer 108 is on tube 106 and is fixed face 
to fiber 102 as it is shown in FIG. 1C using the shrinking 
tubing in a longitudinal position excluding direct interaction 
of ultrasound beam 112 with the light delivery system 102 
and 104. The light divergence after the catheter was measured 
to be 26° while angle between light 110 and ultrasound beams 
112 was 24°. 

In the particular design of the micro-optic-based integrated 
IVUS/IVPA imaging catheter, the distal end of the optical 
fiber is polished flat and is perpendicular to the optical axis of 
the fiber, and a small mirror is used to rotate light. The mirror 
is attached to the fiber using a custom-made brass fixture 
comprising of a thin-wall cut along pipe and soldered to the 
pipe is a bended plate. Since this design does not rely on 
refraction coefficients offiber's core and the medium, there is 
no need to have gas trapping cup near distal end of the light 
delivery system. However, the protective cup was installed on 
the distal end of the optical fiber to protect a patient from 
small sharp parts of the fiber if it would be broken acciden 
tally as well as to make the distal end of the fiber round. To 
decrease the light losses, distilled water should fill the cup. 
The resulting angle between optical axis of the fiber and the 
plate with the glued mirroris chosen for better overlapping of 
light and ultrasound beams. 

The photograph of mirror-based IVUS/IVPA catheter 200 
and its schematic diagram are shown in FIG.2A and FIG. 2B, 
respectively. The ultrasound transducer 206 was fixed face 
from fiber 202 using shrinking tubing 204 in the position 
resulted the maximum overlap of the ultrasound 214 and light 
beams 212. The angle between fiber's 202 optical axes and 
mirror 210 fixed with brass fixture 208 is approximately 52°. 
An angle between ultrasound and optical axes was estimated 
to be approximately 14. Since the optical fiber 202 with NA 
of 0.39 and core refraction coefficient of 1.457 is located in 
water, the light divergence of the catheter comprises 17°. 
A commercially available IVUS catheter (model 

AtlantisTMSR plus, Boston Scientific SciMed, Inc.) based on 
a single-element ultrasound transducer with central fre 
quency of 40 MHz was used. An outer diameter of the 
catheter with a 500-um-diam active element was 1 mm. Side 
fire fiber-based and mirror-based light delivery systems uti 
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lized single multimode optical fibers FT600EMT and 
FT1500EMT respectively (Thorlabs, Inc.). Laser threshold of 
silica core material is 1 MW/cm. Proximal ends of both 
fibers are polished regularly. 

In side fire fiber-based light delivery system, the air cup 
was made out of quartz pipe with inner diameter of 700 um 
and outer diameter of 1 mm. The air trapping cup was sealed 
with an approximately 500 um layer of epoxy (Devcon, Inc.) 
and installed on the distal end of the fiber to have a gap 
between the fiber and the cup behind of the fiber. 

In the micro-optic-based light delivery system, Small opti 
cal parts such as micro-mirrors, micro-lenses, micro-prisms 
or combinations thereof can be used to redirect light. In this 
particular example, custom-made micro-mirrors were used as 
a micro-optics. The mirrors were fabricated by thermal 
evaporation of silver powder (part #303372-10G. Sigma-Al 
drich, Inc.) on 2.5x3-mm pieces of 1-mm thick glass. The 
laser damage threshold for the mirrors was estimated to be 
170 m.J/cm. No protective cup was used in the prototype. 
A photograph of an advanced prototype of the side fire 

fiber-based integrated IVUS/IVPA imaging catheter 300 uti 
lizing a single-element ultrasound transducer 304 is shown in 
FIG.3A. The optical fiber 302 with a core diameter of 600 um 
and polyamide jacketing (Polymicro Technologies, Inc.) was 
polished at the angle of 35°. The gas trapping cup 308 with air 
inside was installed on the distal tip of the fiber. The PVDF 
based unfocused ultrasound transducer 304 with the central 
frequency of 40 MHZ capable of working in both ultrasound 
and photoacoustic modes is incorporated with the light deliv 
ery system 302 and 308 using a 10-mm long brass pipe 306 
with inner and outer diameters of 1 and 1.5 mm and is con 
nected with transducer wires 312. An epoxy 310 was utilized 
to fix together all parts. An assembly of the advanced inte 
grated imaging catheter 300 is shown in details in FIG. 3B. 
Comparing with the previously described prototypes, such 
integrated IVUS/IVPA imaging catheter 300 is capable of 
imaging immobile tissues while the catheter itself is rotated 
inside a lumen. 

Another possible design of the integrated IVUS/IVPA 
imaging catheter 400 based on the single element-based 
IVUS imaging catheter 402 is shown schematically in FIG. 4. 
In this design, the light delivery system is based on an optical 
fiberbundle 404 where the optical fibers of the bundle 404 are 
fixed a rigid cylinder 406 and distributed around the IVUS 
imaging catheter 402. Either side fire fiber-based or micro 
optic-based light delivery system can be installed on the distal 
tips of each optical fiber 402. The side fire fiber or the micro 
optic-based light delivery system directs light away from the 
ultrasound transducer. The IVUS imaging catheter 402 is 
rotating inside of this cylinder 406 while the cylinder 406 and 
fixed on it optical bundle 404 is immobile. Unlike the previ 
ously described prototypes, in this design, thinner optical 
fibers with diameters ranging from 50 um provides the flex 
ibility that makes the integrated IVUS/IVPA imaging catheter 
400 suitable for in vivo imaging. 
The schematic diagram design of an integrated IVUS/ 

IVPA imaging catheter 500 based on an ultrasound imaging 
catheter 504 is shown in FIG. 5A. An ultrasound array 502 is 
utilized both to probe a tissue in pulse-echo mode and to 
detect photoacoustic transients generated into the tissue as a 
result of light-tissue interaction. The side fire fiber-based light 
delivery system is installed on a single optical fiber 506. The 
photograph of the prototype of the ultrasound array-based 
integrated IVUS/IVPA catheter 500 used in the studies is 
shown in FIG. 5B. The design utilizes the market-available 
ultrasound array 502 (Eagle Eye, Volcano, Inc.) with the 
central frequency of 20.75 MHz and the bandwidth of 40% 
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and a single optical fiber 506 with a core diameter of 600 um 
in Polyamide jacketing (Polymicro Technologies, Inc.). The 
mechanical rotation of the optical fiber 506 should be syn 
chronized with the electronic rotation of ultrasound one emit 
ted by the ultrasound array 502. The light delivery system is 
based on side fire fiber. 

To test the invention, a point-target phantom 600 compris 
ing of twelve graphite rods 602–624 was used. A photograph 
of a point-target phantom used in the studies and its structure 
are shown in FIGS. 6A and 6B, respectively. All twelve pencil 
rods 602–624 with diameter of 0.57-0.01 mm were oriented 
perpendicularly to an imaging cross-section 626. Eleven of 
them (602–622) were located spirally 4 to 9 mm away from 
the center of the phantom with 0.5 mm increment step. An 
inner diameter of a whole in the phantom is 6 mm. In addition, 
one rod 624 is located separately 10 mm away from the axis 
of the phantom. 
A tissue-mimicking environment of the phantom to mimic 

artery's wall is not shown in FIGS. 6A and 6B was made out 
of 10% gelatin (Type A, Sigma-Aldrich, Inc.). Ultrasound 
properties were mimicked by silica particles (Sigma-Aldrich, 
Inc.) with 0.5% weight concentration and average size of 40 
um. Optical scattering were mimicked by 20% of low fat 
milk (volume concentration). The overall sizes of the phan 
toms body are measured to be 40x35x30 mm (LxWXH). 

The block diagram of the IVUS/IVPA and elasticity imag 
ing and therapy system 700 is shown in FIG. 7 with optical 
fiber 702, coupling lens 718, a CW laser 714 and laser 
switcher 716. The distal end of the integrated catheter 706 
was inserted into the lumen and placed at the center of the 
vessel-mimicking phantom 710. The proximal ends of the 
light delivery system incorporated longitudinally with the 
IVUS imaging catheter 704 were connected with the output 
of the laser source 712 and the ultrasound pulser/receiver 722, 
respectively (FIG. 7). The output of laser source 712 is also 
provided to laser switcher 716. The output of laser switcher 
716 is provided to coupling lens 718 and optical fiber 702. 
Laser switcher 716 is operable to switch in CW laser 714 as 
the laser Source. A tunable in near-infrared spectral region 
(680-960 nm and 1100-2400 nm) pulsed laser system 712 was 
used. Particularly, an OPO (Vibrant II, Opotek, Inc.) with 
pulse duration of 5 ns and repetition rate of 10 HZ was oper 
ated at 730 nm. To image phantom 710 without and with 
tissue-mimicking environment, the pulse energy measured on 
distal ends of both designs of light delivery systems com 
prised 1.4 m) and 2.4 mJ respectively. The IVUS imaging 
catheter 704, used in both photoacoustic (echo only) and 
ultrasound (pulse-echo) modes, was operated by an ultra 
sound pulser/receiver 722 (5073PR, Panametrics-NDT, Inc.). 
Each radiofrequency (RF) signal consisted of photoacoustic 
and, delayed on 10 us by a function generator 724 (33250A, 
Agilent, Inc.), ultrasound signatures. RF signals were cap 
tured by data acquisition card 726 (CompuScope 12200, Gag 
eScope, Inc.) and processed off-line. 
The phantom was placed into a water tank 708 rotated 

precisely by a stepper motor 720 (ACCU Coder, Encoder 
Products, Inc.), while the integrated IVUS/IVPA imaging 
catheter 706 was fixed approximately on the axis of rotation 
to image point targets. One frame (360° rotation) included 
251 A-lines. The averaging of 30 was applied to each A-line. 
RF signals were averaged, demodulated and scan converted 
to cover the 6.2-mm-radius field of view. No corrections or 
light fluency compensations were applied. Both designs of 
integrated IVUS/IVPA imaging catheters are capable of per 
forming pullback 3-D imaging—a linear 1-D motion axis can 
be used to move the integrated catheter 706 relative to the 
phantom 710 thus allowing new cross-section to be imaged. 
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In order to demonstrate that the invention may be used for 

combined IVUS/IVPA imaging, the prototypes of integrated 
IVUS/IVPA imaging catheters shown in FIGS. 1B, 2A, 3A, 
and 5B were initially tested in phantom studies. The ultra 
Sound and photoacoustic images of the point-target phantom 
obtained by the side fire fiber-based catheter are displayed in 
FIG. 8A and FIG. 8B, respectively. All ultrasound and pho 
toacoustic images are shown in the dynamic range of 29 dB 
and 25 dB respectively. The ultrasound B-scan in FIG. 8A 
shows the structure of the phantom where all twelve point 
targets are visible. The brightness of the targets slightly 
decreases with the depth due to attenuation of the high-fre 
quency (40 MHz) ultrasound in water and a divergence of the 
ultrasound beam. 
The photoacoustic image in FIG. 8B demonstrates a 

decrease of the photoacoustic signal strength with the depth 
due to the light distribution in the phantom. Indeed, the light 
divergence increases the area of illumination with the dis 
tance from the catheter and, therefore, decreases the fraction 
of the light absorbed by the targets located further away from 
the catheter. 
The ultrasound and photoacoustic B-scans of the point 

target phantom within the tissue-mimicking environment are 
shown in FIGS. 8C and 8D, respectively. The ultrasound 
image in FIG. 8C exhibits the structure of the phantom. How 
ever, the decrease of the brightness of the targets with depth is 
greater than in FIG. 8A because ultrasound attenuation in 
tissue-mimicking environment is greater than that in water. 
This environment is not noticeable in the photoacoustic 
image in FIG.8D due to modest light absorption in the gelatin 
and silica particles at 730 nm. However, the decrease of the 
photoacoustic transient magnitude from the targets in tissue 
mimicking environment with the depth is greater than in 
water (FIG. 8B) because of the light scattering in the sur 
rounding material. The light energy decays exponentially 
with the distance. The target that is further away from the 
catheter becomes invisible due to limited light energy reaches 
the target. Also, the generated photoacoustic wave attenuates 
as it travels to the transducer. 
The ultrasound and photoacoustic B-scans of the point 

target phantom obtained using the mirror-based catheter are 
shown in FIGS. 9A and 9B, respectively. All 12 targets are 
clearly indicated in FIG.9A. Brightness of targets decreases 
slightly with depth. 
The photoacoustic image in FIG. 9B indicates that the 

brightness of target points increases slightly for 1 through 7 
targets (see FIG. 6B) because the closer point targets are not 
illuminated well while targets 8 through 11 were irradiated 
almost uniformly. Finally, the brightness of twelfth target is 
modest because this target is located too far from the catheter. 
There is a limited overlap between ultrasound and light 
beams. 
The ultrasound and photoacoustic images of the point tar 

gets in the tissue-mimicking environment are shown in FIGS. 
9C and 9D, respectively. Similar to FIG.9A, all targets are 
detected in FIG.9C and, as expected, the brightness of targets 
decreases with a distance from the transducer. 
The photoacoustic image in FIG.9D indicates that targets 

located closer to the catheter generate greater photoacoustic 
transients due to strong light scattering in the background. 
Indeed, the directivity of the laser beam is affected by light 
scattering, so the absorbed light energy rapidly decreases 
with depth. 

Under clinical condition, light scattering in blood adds to 
that in soft tissues in the near-infrared spectral region'. The 
whole blood in vessel was modeled by 20% solution of low 
fat milk''. The ultrasound and photoacoustic images of the 
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phantom obtained by side fire fiber-based imaging catheter 
are shown in FIGS. 10A and 10B, respectively. As expected, 
FIG. 10A shows all 12 target points and the decrease rate of 
the brightness of the targets with the depth is almost the same 
as it is shown in FIG. 8A in the ultrasound image of the 
phantom in water. However, the light scattering results in a 
significant exponential attenuation in the milk solution so that 
the brightness of target points shown in FIG. 10B decreases 
rapidly with the depth. Nevertheless, the photoacoustic tran 
sients generated by 1 through 6 targets are clearly detectable. 
These targets are located 4 to 6.5 mm away from the imaging 
catheter so that photoacoustic imaging of the artery's walls in 
the presence of blood is possible. In addition, the brightness 
of the targets can be increased by an elevating the light energy 
as it will be discussed herein below. 
Due to the contrast between optical absorption coefficients 

of blood" and aorta tissue', the photoacoustic signal from 
the blood may dominate in photoacoustic signature at certain 
wavelengths. To avoid the possible Saturation of photoacous 
tic signal from blood, both side-fiber and mirror-based light 
delivery designs of the integrated catheters can be refocused 
several millimeters further from the catheter. The ultrasound 
and photoacoustic images of the phantom in tissue-mimick 
ing environment obtained by refocused mirror-based catheter 
are shown in FIGS. 11A and 11B, respectively in dynamic 
ranges of 29 and 25 dB respectively. The transducer was 
shifted two millimeters away from the mirror. The ultrasound 
images in FIG. 11A and FIG. 9C differ due to different 
imaged cross-sections only. However, Such refocusing 
degrades a photoacoustic transient from rods located closer 
while farer rods appear brighter (FIG. 11B). 

In order to demonstrate that the integrated IVUS/IVPA 
imaging catheter is capable of imaging blood vessels in vivo, 
the phantom shown in FIG. 6A was placed into tissue-mim 
icking environment and imaged using the catheter shown in 
FIG. 3A. FIG. 12A demonstrates the set-up 1200. The phan 
tom 1202 was placed on one side of the water tank 1204 such 
that water filled the lumen 1208 where the catheter 1206 was 
inserted in. The ultrasound and photoacoustic images of the 
phantom are presented in FIGS. 12B and 12C, respectively. 
Comparing with results presented in FIGS. 8C and 8D, the 
geometry of the phantom is disfigured because of the catheter 
was not located on the axis of the phantom. However, the 
ultrasound image in FIG. 12B depicts clearly point targets 
and tissue-mimicking environment while the photoacoustic 
image in FIG. 12C identifies the areas with elevated optical 
absorption. 
The ultrasound and photoacoustic B-scans of the point 

target phantom obtained using the ultrasound array-based 
integrated IVUS/IVPA catheter with side fire fiber-based 
light delivery system are shown in FIGS. 13A and 13B, 
respectively. In this study the ultrasound array was stationary 
and ultrasound beam was electronically scanned. The optical 
fiber was also stationary directed and the rod 614 (see FIG. 
6B). All 12 pencil rods are clearly indicated in FIG. 13A so 
the structure of the phantom is depicted clearly. Brightness of 
targets decreases slightly with depth but such significantly as 
in FIGS. 8A and 9A due to lower central frequency of the 
ultrasound array. 

The photoacoustic image in FIG. 13B indicates the only 
one point Source because the optical unit was not rotated. The 
mechanical rotation of the light delivery system is possible 
for sure as it is confirmed by results shown in FIGS. 12A and 
12B. 

While 2.5-mJ laser pulses were utilized for IVPA imaging 
of phantom placed in water, light absorption and light scat 
tering in bloodwill attenuate the light energy thus making the 
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photoacoustic imaging difficult. In addition, the optical 
absorption contrast between different tissue types may be 
limited'. All of these require relatively high laser fluence 
output from the integrated catheter. The optical parts Such as 
optical fibers and micro-mirrors used currently in the inven 
tion limit the laser energy so 14 m.J maximum can be deliv 
ered now into lumen. However, the construction of the inven 
tion itself does not limit the laser energy that could be 
potentially delivered is the appropriate optical parts with 
higher light damage thresholds will be utilized. For example, 
the commercially available micro-mirrors have a laser dam 
age threshold of 1 J/cm while that of the material of optical 
fiber's core used in the invention comprises over 30 GW/cm. 
Obviously, that the increase of light damage threshold of all 
optical parts will allow to increase the delivered light energy 
and, therefore, the optical contrast and imaging depth of 
IVUS imaging. 
While the length of an integrated IVUS/IVPA imaging 

catheter does not typically exceed few meters, the light is will 
not be attenuated too much while propagating through the 
optical fiber with a regular light attenuation of several dB/km. 
However, the light delivery system mounted on distal tips of 
the fibers will cause the light lose. In the case of mirror-based 
system, the overall losses are estimated to be approximately 
1.7% while the overall losses in side fire fiber-based system 
are expected to be around 6.5%. The anti-reflection coating 
can decrease the losses. In the case of side fire fiber-based 
system, it was assumed that the polishing angle B-Bo. Other 
wise, if the light losses are increased up to 100% (see Eqs. (4) 
and (5)). 
As shown in FIG. 5B an ultrasound array-based integrated 

IVUS/IVPA imaging catheter could not redirect light at an 
angle greater than 90° in spite of the fact that the effect of total 
internal reflection utilized. This aspect could limit applicabil 
ity of such type of light delivery system in the array-based 
catheters. In such a case, the micro-optic-based system is 
preferable. As it is demonstrated in FIGS. 9A-9D, the mirror 
based and, generally speaking, micro-optic-based light deliv 
ery system can be successfully in ultrasound array-based 
device. Note, the light scattering in blood and blood vessel 
tissues will result in a light redistribution so the side fire 
fiber-based light delivery system could also be capable of 
irradiating of imaging cross-section with lower efficiency. 
The possible design of proximal ends of the integrated 

IVUS/IVPA imaging catheters includes the stepped motor or 
the like to rotate the catheter around its axis. The two wires are 
flattened and attached either to the fiber or to the fiberbundle 
whatever is used to deliver light. An ultrasound transducer is 
attached as it is shown in the figures, so that the cross-section 
of the combined catheter is circular along its working length. 
The optical fiber with wires should be coated, and be even 
along the fiberjacketing. The ready fiber is coupled with the 
laser and rotated by a motor. 
The laser safety standards determined by ANSI limit the 

maximum acceptable radiation fluence on skin from 20 
mJ/cm in visible spectral range to 100m J/cm at 1050 nm." 
However, these values do not apply to blood and inner soft 
tissues. It was reported that the temperature increase in 
arterial tissues caused by laser pulse with fluence of 85 
mJ/cm comprises 5°C. and this value was considered as safe. 
The increase of blood temperature caused by a 2.4-m J laser 
was estimated assuming the heat capacity and density of 
blood is equal to that of water. If the pulse is 2.7-times attenu 
ated by blood at the distance equal to inversed extinction 
coefficient’ and size of the outlet of light delivery system is 
1 mmx1 mm then the increase of blood temperature is 
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approximately 10°C. This value can be, however, decreased 
with the greater size of outlet. Therefore, the IVPA imaging 
can be thermally safe. 

It is contemplated that any embodiment discussed in this 
specification can be implemented with respect to any method, 
kit, reagent, or composition of the invention, and vice versa. 
Furthermore, compositions of the invention can be used to 
achieve methods of the invention. 

It will be understood that particular embodiments 
described herein are shown by way of illustration and not as 
limitations of the invention. The principal features of this 
invention can be employed in various embodiments without 
departing from the scope of the invention. Those skilled in the 
art will recognize, or be able to ascertain using no more than 
routine experimentation, numerous equivalents to the specific 
procedures described herein. Such equivalents are considered 
to be within the scope of this invention and are covered by the 
claims. 

All publications and patent applications mentioned in the 
specification are indicative of the level of skill of those skilled 
in the art to which this invention pertains. All publications and 
patent applications are herein incorporated by reference to the 
same extent as if each individual publication or patent appli 
cation was specifically and individually indicated to be incor 
porated by reference. 
The use of the word “a” or “an' when used in conjunction 

with the term “comprising in the claims and/or the specifi 
cation may mean "one.” but it is also consistent with the 
meaning of “one or more.” “at least one.” and “one or more 
than one.” The use of the term 'or' in the claims is used to 
mean “and/or unless explicitly indicated to refer to alterna 
tives only or the alternatives are mutually exclusive, although 
the disclosure supports a definition that refers to only alter 
natives and “and/or.” Throughout this application, the term 
“about is used to indicate that a value includes the inherent 
variation of error for the device, the method being employed 
to determine the value, or the variation that exists among the 
study Subjects. 
As used in this specification and claim(s), the words "com 

prising (and any form of comprising. Such as “comprise' and 
“comprises”), “having (and any form of having, such as 
“have” and “has'), “including (and any form of including, 
such as “includes and “include’) or “containing (and any 
form of containing, such as “contains' and "contain’) are 
inclusive or open-ended and do not exclude additional, unre 
cited elements or method steps. 
The term “or combinations thereofas used herein refers to 

all permutations and combinations of the listed items preced 
ing the term. For example, A, B, C, or combinations thereof 
is intended to include at least one of A, B, C, AB, AC, BC, or 
ABC, and if order is important in a particular context, also 
BA, CA, CB, CBA, BCA, ACB, BAC, or CAB. Continuing 
with this example, expressly included are combinations that 
contain repeats of one or more item or term, such as BB, 
AAA, MB, BBC, AAABCCCC, CBBAAA, CABABB, and 
so forth. The skilled artisan will understand that typically 
there is no limit on the number of items or terms in any 
combination, unless otherwise apparent from the context. 

All of the compositions and/or methods disclosed and 
claimed herein can be made and executed without undue 
experimentation in light of the present disclosure. While the 
compositions and methods of this invention have been 
described in terms of preferred embodiments, it will be appar 
ent to those of skill in the art that variations may be applied to 
the compositions and/or methods and in the steps or in the 
sequence of steps of the method described herein without 
departing from the concept, spirit and scope of the invention. 
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All Such similar Substitutes and modifications apparent to 
those skilled in the art are deemed to be within the spirit, 
Scope and concept of the invention as defined by the appended 
claims. 
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What is claimed is: 
1. An intravascular ultrasound and photoacoustic imaging 

and therapeutic device comprising: 
a catheter with a proximal end and a distal end; 
one or more intravascular ultrasound imaging and thera 

peutic units comprising a proximal end and a distal end, 
wherein the distal end comprises one or more single 
element ultrasound transducers, one or more ultrasound 
arrays or a combinations thereof, wherein the proximal 
end comprises a port connecting the one or more ultra 
Sound units to one or more ultrasound pulser-receivers; 

one or more optical units comprising a proximal end and a 
distal end combination, wherein the distal end com 
prises one or more optical fibers, one or more optical 
bundles or a combination of both and one or more light 
delivery systems comprising micro-optics mounted on 
one or more optical fibers or one or more optical bundles 
or based on total internal reflection of the optical fiber, 
wherein the proximal end comprises a port to couple at 
least one optical unit to at least one of a pulsed light 
Source or a continuous wave (CW) light source, 
wherein: 
the distal end of the ultrasound and optical units are 

aligned Such that ultrasound and optical waves are 
directed to a target tissue; 

the ultrasound waves are directed to a first region of the 
target tissue; 

the optical waves are directed to a second region of the 
target tissue; and 

the first region and the second region are simultaneously 
Overlapping: 

an ultrasound pulser-receiver connected to the proximal 
end of the one or more ultrasound imaging and thera 
peutic units; 

a light Source connected to the proximal end of the one or 
more optical units comprising one of a pulsed light 
Source having a pulsed laser fluence and a CW light 
source having a CW laser fluence; and 

an imager connected to the proximal end of the catheter, to 
the pulser-receiver and to pulsed light source to capture 
one or more ultrasound, photoacoustic and elasticity 
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images, wherein a majority of a laser and ultrasound 
energy is uni-directionally directed at the target tissue 
and the imager is capable of a reconstruction of a distri 
bution of an ultrasound impedance, a shear elastic 
modulus and an absorbing tissues deposition in an 
imaged target tissue cross-section and of performing an 
optical therapy, an acoustic therapy or both. 

2. The device of claim 1, wherein the one or more optical 
units are incorporated longitudinally in or about the catheter. 

3. The device of claim 1, wherein the one or more ultra 
Sound units are incorporated longitudinally in or about the 
catheter. 

4. The device of claim 1, wherein the ultrasound imaging 
and therapeutic unit comprises one or more single-element 
ultrasound transducers, an ultrasound transducer array or a 
combination thereof. 

5. The device of claim 1, wherein the one or more ultra 
Sound imaging and therapeutic units may rotate around a 
longitudinal axis of the catheter. 

6. The device of claim 1, wherein at least one ultrasound 
imaging and therapeutic unit is capable of transmitting an 
ultrasound wave about the distal end of the catheter. 

7. The device of claim 1, wherein the one or more ultra 
Sound imaging and therapeutic units can irradiate an artery 
with short pulses of ultrasound waves with consequent detec 
tion of the reflected and scattered ultrasoundwaves in a tissue. 

8. The device of claim 1, wherein the one or more ultra 
Sound and therapeutic units is capable of detecting ultrasound 
waves generated in the target tissues as a result of a thermal 
expansion of the target tissues due to a heating by the pulsed 
laser light. 

9. The device of claim 1, wherein a central frequency of one 
or more ultrasound imaging and therapeutic units is chosen to 
provide a required resolution and a penetration depth to image 
the artery and nearby tissues and plaques. 

10. The device of claim 9, wherein the central frequency of 
one or more ultrasound imaging and therapeutic units is cho 
Sen to provide an ultrasound wave capable of performing a 
therapy. 

11. The device of claim 1, wherein the one or more ultra 
Sound imaging and therapeutic units can irradiate the artery 
with a long pulse or a CW ultrasound wave to provide a 
therapeutic effect. 

12. The device of claim 11, wherein the one or more ultra 
Sound imaging and therapeutic units can provide pulses of 
ultrasound waves with a duration in a range of 1 ns through 1 
us with a consequent detection of the ultrasound waves 
reflected in the tissues, scattered in the tissues or both. 

13. The device of claim 11, wherein the duration of the 
pulses and a duty cycle of ultrasound waves may be varied as 
required for acoustic therapy. 

14. The device of claim 1, wherein the one or more optical 
units comprise one or more optical fibers, multimode optical 
fibers, a fiber bundle or a combination thereof. 

15. The device of claim 1, wherein the one or more optical 
units based on a single optical fiber, optical bundle or a 
combination thereof may rotate around a longitudinal axis of 
the catheter. 

16. The device of claim 1, wherein the one or more optical 
fibers, the fiberbundle or the combination illuminates an area 
about the distal end of the catheter such that exposed area 
overlaps with the area where ultrasound waves are by the one 
or more ultrasound imaging and therapeutic units. 

17. The device of claim 1, wherein a light delivery system 
is mounted on the distal end of the one or more optical fibers 
or optical bundles or combination thereof. 
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18. The device of claim 17, wherein the light delivery 

system utilizes a total internal reflection mechanism to over 
lap light and ultrasound waves. 

19. The device of claim 17, wherein the micro-optics is 
attached to the distal end of the one or more optical units and 
aligned to the overlapping light and ultrasound waves. 

20. The device of claim 1, wherein the proximal end of the 
one or more optical fibers or the fiber bundles comprises a 
polished tip, wherein the tip is designed to be coupled with a 
light Source. 

21. The device of claim 1, wherein an optically transparent 
tube with a sealed distal end is mounted hermetically on the 
distal end of the one or more optical units to maintain the total 
internal reflection. 

22. The device of claim 21, wherein the tube in a side fire 
fiber-based design traps a gas while the proximal end of the 
tube is mounted on the distal end of the one or more optical 
units. 

23. The device of claim 21, wherein the optically transpar 
ent tube is mounted on the distal end of the one or more optical 
units to protect the light delivery system and a patient. 

24. The device of claim 21, wherein the tube in a micro 
optics-based design is filled with a medium to decrease light 
losses. 

25. The device of claim 1, wherein the distal end of one or 
more optical units in a side fire fiber-based design is polished 
at a certain angle to redirect light at almost near-right angles 
relative to the longitudinal axis of the catheter to perform a 
total internal reflection. 

26. The device of claim 1, wherein the distal end of one or 
more optical units in the micro-optics-based design is 
equipped by micro-mirror, micro-lens, micro-prism, alone or 
in any combination thereof to redirect light at almost near 
right angles relative to the longitudinal axis of the catheter. 

27. The device of claim 1, wherein one or more optical 
units emits short pulsed light with a high fluence to perform a 
photoacoustic imaging. 

28. The device of claim 1, wherein one or more optical 
units are capable of transmitting the CW or the long-pulse 
radiation to perform a light therapy. 

29. The device of claim 1, wherein the pulser-receiver is 
capable of providing short ultrasound pulses with a conse 
quent detection of scattered and reflected ultrasound waves in 
the target tissue, of providing long ultrasound pulses to per 
form acoustic therapy, and of detecting ultrasound waves 
generated in the target tissue as a result of the thermal expan 
sion of an irradiated volume or combinations thereof. 

30. The device of claim 1, wherein the pulsed laser is 
coupled with the proximal end of one or more optical units to 
irradiate the target tissue at one or more wavelengths. 

31. The device of claim 30, wherein the wavelengths of 
electromagnetic radiation are chosen to provide the best opti 
cal contrast. 

32. The device of claim 1, wherein the CW, the long-pulsed 
laser or both are coupled with proximal end of the one or more 
optical units to irradiate target tissues at one or more wave 
lengths. 

33. The device of claim 32, wherein the wavelengths of 
CW electromagnetic radiation are chosen to provide optimal 
optical imaging and therapeutic effect. 

34. The device of claim 1, wherein the imager is capable of 
at least one of providing the reconstructed distributions of 
ultrasound impedances, an absorbing tissue deposition and 
shear elastic modulus and instructing a user to perform an 
acoustic therapy an optical therapy or both. 

35. The device of claim 1, wherein the one or more optical 
light sources are coupled to the proximal end of one or more 
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optical units through a laser Switcher to allow irradiating at 
least one of a tissue by pulsed radiation, or a CW radiation. 

36. A method of imaging and treating a target tissue in a 
Subject comprising the steps of: 

identifying a subject in need of treatment of a target tissue 
using an intravascular imaging and therapeutic device 
capable of combined intravascular ultrasound, photoa 
coustic, and elasticity imaging: 

irradiating the target tissue with radiation, ultrasound 
energy, or both from an intravascular imaging and thera 
peutic device comprising: 

a catheter with a proximal end and a distal end; 
one or more intravascular ultrasound imaging and thera 

peutic units comprising a proximal end and a distal end, 
wherein the distal end comprises one or more single 
element ultrasound transducers, one or more ultrasound 
arrays or a combinations thereof, wherein the proximal 
end comprises a port connecting the one or more ultra 
Sound unit to a pulser-receiver; 

one or more optical units comprising a proximal end and a 
distal end combination, wherein the distal end com 
prises one or more optical fibers, one or more optical 
bundles or a combination of both and one or more light 
delivery systems comprising micro-optics mounted on 
one or more optical fibers or one or more optical bundles 
or based on total internal reflection or both, wherein the 
proximal end comprises a port to couple at least one 
optical unit to at least one of a pulsed light source, 
wherein: 
the distal end of the ultrasound and optical units are 

aligned Such that ultrasound and optical waves are 
directed to the target tissue: 

the ultrasound waves are directed to a first region of the 
target tissue; 

the optical waves are directed to a second region of the 
target tissue; and 

the first region and the second region are simultaneously 
Overlapping: 

a pulser-receiver connected to the proximal end of the one 
or more ultrasound imaging and therapeutic units: 

a light source connected to the proximal end of the one or 
more optical units comprising one of a pulsed light 
Source having a pulsed laser fluence, a CW or a long 
pulse light source having a laser fluence; and 

an imager connected to the proximal end of catheter, to 
pulser-receiver and to the pulsed light source to capture 
ultrasound, and photoacoustic signals with respect of 
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their temporal appearance with consequent real-time or 
off-line reconstruction of one or more ultrasound, pho 
toacoustic and elasticity images; 

reconstructing a distribution of an ultrasound impedance, a 
distribution of a shear elastic modulus and a distribution 
of an a distribution of an absorbing or tissue deposition 
in an imaged tissue cross-section or a combination of 
thereof; 

performing an acoustic therapy, a radiation therapy, or both 
of the target tissues; and 

performing the imaging and therapy together or separate. 
37. The method of claim 36, wherein the distribution of the 

ultrasound impedance is reconstructed by transmitting of 
short ultrasound waves into the target tissue with consequent 
detection of reflected ultrasound waves, scattered ultrasound 
waves or both. 

38. The method of claim 36, wherein the distribution of the 
optical absorption is reconstructed by transmitting of short 
light pulses into the target tissue with a consequent detection 
of ultrasound waves generated in the tissue due to thermal 
expansion of the tissue due to absorbed light energy. 

39. The method of claim 36, wherein the distribution of 
shear elastic modulus is reconstructed by collecting of ultra 
Sound images of the same cross-section of an imaged blood 
vessel where one or more straintensor components are mea 
Sured assessing a local tissue's displacement in response to an 
external or a cardiac loading. 

40. The method of claim 36, wherein the one or more 
ultrasound units irradiate an artery with long ultrasound 
pulses or CW ultrasound waves to perform an acoustic 
therapy of the artery. 

41. The method of claim 36, wherein the one or more 
optical units can irradiate tissues by CW or long-pulse light to 
perform an optical therapy. 

42. The method of claim 36, wherein the optical and the 
acoustic therapy can be performed either simultaneously or 
separately. 

43. The method of claim 36, wherein the reconstruction of 
the distributions and therapy can be performed either simul 
taneously or consequently in any combinations. 

44. The method of claim 36, wherein the imager is capable 
of providing imaging results or therapy results in a format 
determined by a user. 
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