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(57) Abstract: A reflection-mode photoacoustic endoscope includes a light source configured to emit a light pulse, a signal detec
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MINIATURIZED PHOTOACOUSTIC IMAGING

APPARATUS INCLUDING A ROTATABLE

REFLECTOR

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provisional Patent

Application No. 61/143,668 filed January 9, 2009, which is hereby incorporated by

reference in its entirety.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH &

DEVELOPMENT

[0002] This invention was made with government support under

grant ROl NS46214, awarded by the U.S. National Institutes of Health. The

government has certain rights in the invention.

BACKGROUND

[0003] The embodiments described herein relate generally to

endoscopic scanning methods and apparatus and, more particularly, to a photoacoustic

endoscope that enables both photoacoustic imaging and ultrasonic imaging through

the use of a rotatable reflector, such as a prism or a mirror.

[0004] Photoacoustic microscopy or computed tomography is an

emerging imaging modality that has much potential for in vivo structural and

functional imaging of biological tissues. It can produce spectroscopic optical

absorption-based contrast images in optically scattering media such as human tissue

while maintaining high spatial resolution (up to approximately 10 µm). In addition to

the intrinsic contrast, by employing other biocompatible molecular contrast agents,

such as organic dyes, quantum dots, or nano-particles, lesions can be profiled with

molecular contrasts at high resolution.
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[0005] Photoacoustic waves are generated by the instant thermal

stress of biological tissue induced by an external energy supply, typically through a

laser pulse although radiofrequency or microwave pulses may also be used. Even

with weak light illumination, less than the ANSI safety limit (20 mJ/cm2 per laser

pulse), detectable acoustic waves can be generated by the photoacoustic phenomenon,

and cross-sectional or volumetric images of internal structures can be reconstructed

by moving the illumination and detection points over the region of interest. To

acquire the photoacoustic signal, typically a light delivering unit, a signal detection

unit including an ultrasonic transducer, and a mechanical scanning unit are employed.

BRIEF DESCRIPTION

[0006] In one aspect, a reflection-mode photoacoustic endoscope is

provided, including a light source configured to emit a light pulse, a signal detection

or transmission unit configured to receive or emit an ultrasonic pulse, and a rotatable

or scanning reflector configured to reflect the light pulse and the ultrasonic pulse into

a target area of an object, and reflect a response signal to the signal detection unit.

The response signal is one of a photoacoustic wave generated by the object responsive

to the light pulse and an ultrasonic pulse echo generated by the object responsive to

the ultrasonic pulse.

[0007] In another aspect, an endoscopy system is provided, including

a reflection-mode photoacoustic endoscope, a data-acquisition system, and a data-

analysis computer. The endoscope includes a light source configured to emit a light

pulse, a signal detection or transmission unit configured to receive or emit an

ultrasonic pulse, and a rotatable reflector configured to reflect the light pulse and the

ultrasonic pulse into a target area of an object, and reflect a response signal to the

signal detection unit. The response signal is one of a photoacoustic wave generated

by the object responsive to the light pulse and an ultrasonic echo generated by the
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object responsive to the ultrasonic pulse. The data-acquisition system is configured to

receive an electronic signal generated by the signal detection unit based on the

response signal, and the data-analysis computer is configured to generate an image

based on the electronic signal.

[0008] In another aspect, an endoscopy scanning method includes

emitting a pulse, reflecting the pulse into an object using a rotatable mirror such that a

response signal is emitted by the object responsive to the incident pulse, and reflecting

the response signal, by the mirror, to a signal detection unit. The pulse is one of a

light pulse and an ultrasonic pulse, and the response signal is one of a photoacoustic

wave generated by the object in response to the light pulse and an ultrasonic echo

generated by the object in response to the ultrasonic pulse. The method also includes

generating an electronic signal based on the response signal, and generating an image

based on the electronic signal.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] The embodiments described herein may be better understood

by referring to the following description in conjunction with the accompanying

drawings.

[0010] Figure 1 is a diagram showing a general scanning concept of

a photoacoustic endoscope that employs a rotatable mirror.

[001 1] Figure 2 is a block diagram showing the photoacoustic

endoscope probe and its peripheral systems.

[0012] Figure 3 is a diagram of a representative embodiment

showing a miniature electric motor (micromotor) based scanning mechanism

according to the general scanning concept shown in Figure 1.
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[0013] Figure 4 is a diagram of an alternative embodiment of the

optical illumination unit and ultrasonic detection element, employing a meniscus

reflector to focus both illumination and detection more tightly.

[0014] Figure 5 is a diagram of an alternative embodiment of the

optical illumination unit and ultrasonic detection element, where a conical lens and a

parabolic mirror are employed for darkfϊeld illumination and tight focusing of

ultrasonic waves, respectively.

[0015] Figure 6 is a diagram showing an alternative embodiment in

the torque transmission to the scanning mirror at the distal end, where rotation is

transferred via a magnetic coupling method from the micromotor.

[0016] Figure 7 is a diagram showing an alternative embodiment in

the placement of the scanning reflector and the ultrasonic transducer at the distal end,

while a micromotor is still employed for the driving force.

[0017] Figure 8 is a diagram showing an alternative embodiment in

the torque transmission to the scanning mirror at the distal end, in which a flexible

shaft is employed for the transmission of the driving force from an external motor to

the scanning mirror.

[0018] Figure 9 is a diagram showing a different mechanical

scanning mode to perform 3D imaging of the target tissue, in which a bending

actuator is employed to steer both the illumination zone and the ultrasonic focal point

of the scanning mirror.

[0019] Figure 10 is a diagram showing another mechanical scanning

mode to perform 3D imaging of the target tissue, in which a translational freedom of

the parabolic mirror is allowed in addition to the rotational scanning.



15060-217
(008720-PCTl/l)

[0020] Figure 11 is a flowchart illustrating an exemplary endoscopy

scanning method using the photoacoustic endoscope concept shown in Figure 1 and

associated systems shown in Figure 2 .

DETAILED DESCRIPTION

[0021] 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 applicable inventive concepts that can be embodied

in a wide variety of specific contexts. The specific embodiments discussed herein are

merely illustrative of specific ways to make and use the invention and do not delimit

the scope of the invention.

[0022] To facilitate the understanding of the embodiments described

herein, a number of terms are defined below. The terms defined herein have

meanings 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 rather 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.

[0023] To be consistent with the commonly used terminology,

whenever possible, the terms used herein will follow the definitions recommended by

the Optical Society of America (OCIS codes).

[0024] In some embodiments, the term "photoacoustic microscopy"

refers generally to a photoacoustic imaging technology that detects pressure waves

generated by light absorption in the volume of a material (such as biological tissue)

and propagated to the surface of the material. In other words, photoacoustic
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microscopy is a method for obtaining three-dimensional images of the optical contrast

of a material by detecting acoustic or pressure waves traveling from the object. The

emphasis is on the micrometer scale image resolution.

[0025] In some embodiments, the term "photoacoustic tomography"

also refers to a photoacoustic imaging technology that detects acoustic or pressure

waves generated by light absorption in the volume of a material (such as biological

tissue) and propagated to the surface of the material. The emphasis is sometimes on

photoacoustic computed tomography, i.e., cross-sectional or three-dimensional

photoacoustic imaging based on computer reconstruction, although the most general

definition of photoacoustic tomography encompasses photoacoustic microscopy.

[0026] In some embodiments, the term "ultrasonography" refers

generally to the conventional ultrasound pulse-echo imaging.

[0027] In some embodiments, the term "reflection mode" refers

generally to the operation mode of a photoacoustic imaging system that detects

pressure waves transmitted from the volume of their generation to the optical

irradiation surface.

[0028] In some embodiments, the term "pulse-echo mode" refers

generally to a scanning mode used to acquire A-line signals by detecting the

amplitude of the backscattered echoes versus the time after transmission of the

ultrasound pulse.

[0029] In some embodiments, the term "dark-field illumination"

refers generally to an illumination method in photoacoustic microscopy, which is the

opposite of bright-field illumination. By illuminating a target tissue at a low angle

from the side, over a broad area having an annular shape, strong photoacoustic signal

generation from the superficial surface above the focal zone of acoustic lens may be

avoided or minimized.
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[0030] In some embodiments, the term "photoacoustic waves" refers

generally to pressure waves produced by light absorption.

[0031] In some embodiments, the term "time-resolved detection"

refers generally to the recording of the time history of a pressure wave.

[0032] In some embodiments, the term "A-line" ("A" stands for

amplitude) originates from the terminology of traditional ultrasonography, and it

refers generally to a one-dimensional image along the depth direction. Here, the A-

line is plotted with the acquired time-resolved photoacoustic signals versus the time

after the launch of the light pulses.

[0033] In some embodiments, the term "B-scan" or "B-mode" ("B"

stands for brightness) refers generally to a mechanical or electronic scanning mode

that produces a two-dimensional image showing a cross section of tissue. Each line

perpendicular to the scanning direction in the image represents an A-line, with the

brightness of the signal being proportional to the amplitude of the photoacoustic

signal.

[0034] In some embodiments, the term "piezoelectric detector" refers

generally to detectors of acoustic waves utilizing the principle of electric charge

generation upon a change of volume within crystals subjected to a pressure wave.

[0035] In some embodiments, the term "transducer array" refers

generally to an array of ultrasonic transducers.

[0036] In some embodiments, the terms "focused ultrasonic

detector," "focused ultrasonic transducer," and "focused piezoelectric transducer"

refer generally to a curved ultrasonic transducer with a hemispherical surface or a

planar ultrasonic transducer with an acoustic lens attached or an electronically

focused ultrasonic array transducer.
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[0037] In some embodiments, the terms "transducer array" and

"phase array transducer" refer generally to an array of piezoelectric ultrasonic

transducers.

[0038] In some embodiments, the term "mirror" refers generally to

any device capable of deflecting propagation axis light and/or ultrasound. Such a

device may include a metal or dielectric angle mirror, off-axis spherical or parabolic

mirror, prism, lens, or any combination thereof.

[0039] Minimally invasive tissue diagnosis via an endoscope has

shown broad applicability in the medical imaging field. Ultrasonography based

imaging catheters have become widely used, and have shown robust performance

independently or in combination with video endoscopes. Unlike the video endoscope,

ultrasonographic endoscopes enable the diagnosis of deeper areas of the organ wall.

However, they have relatively poor contrast and are thus not best suited, for example,

for detecting early stage cancer. To overcome this shortcoming, optical imaging

modalities have been developed and are attracting much attention due to their

advantages in contrast, safety, and portability. Recent studies have shown their

potential and superiority over conventional ultrasonography in the early diagnosis of

cancerous tissue. The endoscopic optical coherence tomographic (OCT) imaging

technique shows much potential in terms of optical contrast and resolution. This

technique also has the advantage of realizing a very tiny catheter probe with high

scanning speed. However, its poor imaging depth (less than 1 mm) still remains a

major limitation.

[0040] In at least some known medical imaging, optical modalities

provide an optical contrast image. However, such optical modalities are

fundamentally limited to poor spatial resolution at depths greater than one transport

mean free path (e.g., ~ 1 mm in most biological tissues) due to high optical scattering

in tissue. For example, diffuse optical tomography (DOT) may produce tomographic

images reaching regions up to several centimeters deep, but it is very poor in spatial
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resolution because diffused (scattered) light is employed. A main application for

DOT is imaging the human brain and/or breast. However, DOT is inappropriate for

endoscopic applications.

[0041] Further examples are endoscopic optical techniques that

employ ballistic or quasi-ballistic photons, such as confocal endoscopy. Endoscopic

optical and optical coherence tomographic (OCT) probes having various components

and scanning mechanisms have been reported. However, while such techniques

and/or probes are capable of imaging small objects with high resolution, they are still

unsatisfactory in detecting cancerous tissue developed deeper than one transport mean

free path below the surface.

[0042] In addition, ultrasonography may also be miniaturized for

endoscopic diagnosis. This imaging modality takes advantage of high resolution and

deep penetration characteristics of ultrasonic waves. Owing to the low scattering of

ultrasound, compared to that of light in biological tissue, deep imaging may be

achieved. During scanning, pulsed ultrasonic waves are sent to a region of interest,

and reflected waves, or echoes, are recorded and reconstructed as a cross-sectional,

e.g., B-scan, image or as a 3-D volumetric image. However, this technique has

insufficient contrast because the mechanical properties of the early-stage abnormal

tissue differ little from those of normal tissue.

[0043] Photoacoustic imaging modalities capitalize on two domains,

i.e., imaging of optical contrast through light illumination, and deep imaging with

high resolution by employing photoacoustically induced ultrasonic waves. For this

reason, photoacoustic imaging technology is considered one of the most promising

imaging modalities for biomedical applications. Its endoscopic realization in

particular can make significant contributions to the medical imaging field.
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[0044] In realizing a catheter probe for photoacoustic endoscopy, the

size restriction is a most challenging issue. Among known endoscopic imaging

modalities, two imaging systems are representative and related to the embodiments

described herein. The first is an ultrasonic endoscopic catheter, and the second is an

optical catheter probe employing optical coherence tomography. The ultrasonic

endoscopic catheter captures a reflected signal from a region of interest after sending

an ultrasonic pulse, which is referred to as the pulse-echo mode. The optical catheter

probe employs a backscattered optical signal from a focused illumination. In order to

produce a circular B-scan image, both systems use circumferential sector scanning, or

radial scanning, with a scanning element, such as a focused ultrasonic transducer or

optical lens, attached at the tip of a flexible shaft. If necessary, linear motion of the

scanning element, which is referred to as pull-back, may be accomplished manually or

automatically to acquire successive B-scan images, which are necessary for

volumetric image composition. The required mechanical driving force is typically

transmitted from the proximal end through a flexible shaft embedded in the inner part

of the catheter. The electrical signal from the ultrasonic transducer (in the case of

endoscopic ultrasonography) or the optical signal (in the case of endoscopic OCT)

from the optical lens is transferred to the signal-receiving center through

electromagnetic or optical coupling at the proximal end and finally reconstructed as a

B-scan or volumetric image. This is the most widely utilized scanning mechanism

because it can be fabricated with a very simple structure in restricted space. Such

endoscopic probes can work separately as intravascular probes or jointed with video

endoscopes through the instrument channels. In addition, such a scanner shows

robust performance in terms of scanning speed, e.g., more than 30 Hz frame rate for

B-scan, as well as flexibility in advancing toward the region of interest in the tissue.

However, in using endoscopic probes, it is technically difficult to transmit both the

impulse energy, whether the energy is an optical or electrical pulse, and the resultant

response signal from a target through the rotating proximal end. This disjointed

transmission mechanism deteriorates signal stability during rotational motion and

worsens the signal-to-noise ratio as well. This issue would become more serious in a
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photoacoustic endoscope system because the induced signal from the photoacoustic

phenomenon is weaker than that of conventional ultrasonographic endoscopes using

the pulse-echo method. For this reason, more stable light delivery and photoacoustic

signal transfer during scanning are essential in realizing the system. Additionally, the

relatively high stiffness of the flexible shaft limits the endoscope's abilities, e.g.,

maneuverability, in imaging delicate tissues. Hereinafter, embodiments of a scanning

mechanism and system configuration for the effective embodiment of a photoacoustic

endoscope are disclosed.

[0045] Addressing this limitation, the embodiments described herein

provide a photoacoustic endoscope, which is a hybrid imaging modality combining

the strengths of two domains, optics and ultrasound. Since it is capable of producing

optical absorption-based contrast images at challenging depths (1-5 mm) with high

spatial resolution, it is superior in screening suspicious tissue at deeper regions.

Moreover, the described system in accordance with the current invention is capable of

producing double contrast images having different origins, i.e., an optical absorption

based image and a pure ultrasound image based on the tissue's acoustic properties.

The spectral behavior of optical absorption in the region of interest enables analysis of

metabolism and offers rich information concerning the tissue. In addition, when used

with appropriate biochemical markers for a specific disease, the embodiments

described herein facilitate identifying tissue abnormalities more clearly.

[0046] The embodiments described herein may be used in the

diagnosis of various tissue lesions that develop in internal organs. Its applicability

lies in various organs and many duct structures, such as the lungs, esophagus,

gastrointestinal tract, colon, or blood vessels. Most of all, it is expected to be

especially useful in screening cancerous tissues, such as myogenic tumors of the

esophagus, gastric cancer, pancreatic cancer, colon cancer and carcinoma of the

common bile duct. Needless to say, in addition to its medical applications for human

welfare, it can be applied to various types of animal study for research purposes.
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[0047] Figure 1 is a schematic illustration of a general concept of a

scanning mechanism and system configuration of a reflection-mode photoacoustic

endoscope. In the exemplary embodiment, the endoscope includes an illumination

unit 103 that provides light illumination of a target area, a mechanical scanning unit

employing a scanning mirror 115, and a signal detection unit that includes an

ultrasonic transducer 105 and an acoustic lens 104. Scanning mirror 115 reflects not

only light but also ultrasonic waves, as a mechanical scanning substitute. Unlike a

universal ultrasonographic endoscope, the photoacoustic endoscope here does not

directly rotate the ultrasonic detection elements 104 and 105 but, rather, rotates the

scanning mirror 115 instead to achieve scanning over the region of interest. One or

more light pulses are guided from an external light source (e.g., a pulse laser) 111

through an optical fiber 113 via coupling optics 110 and the proximal end to the

illumination unit 103 located at the distal end. The optimal duration of the light pulse

varies with the targeted resolution and can vary on the order of approximately 1.0

nanosecond (ns) to approximately 1.0 microsecond (µs), wherein the shorter the

duration, the higher the spatial resolution. Light emitted from the outlet of the

illumination unit 103 is reflected from the surface of the scanning mirror 115 and

transmitted to the tissue surface 114 at the point of aim via an optically transparent or

translucent membrane 116, i.e., an imaging window. Strong optical scattering of

biological tissue homogenizes the illumination in relatively deep tissue. For light

pulses of a short duration, tissue temperature rise caused by light energy absorption is

confined to the volume of the absorptive target during the light pulse, and the

resultant photoacoustic pressure waves are generated in proportion to the optical

fluence Φ (J/m2), and the absorption coefficient µa (cm 1) of the irradiated area. Some

of the acoustic waves pass through via the imaging window 116, are reflected by the

scanning mirror 115, and are captured by the ultrasonic transducer 105 through the

acoustic lens 104. The ultrasonic transducer 105 converts the photoacoustic wave

pressure into a time-resolved electric signal and transmits it to the detection

electronics 109 through electric signal wires 106 that extend along the catheter body

108. This mechanism can detect a single A-line signal. By repeating this process
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during the movement of the scanning mirror 115, a set of data for planar or volumetric

imaging can be collected. Virtually, various kinds of motion, such as rotational,

translation, alternating, etc., are possible for the scanning mirror 115.

Representatively, a B-scan image can be acquired through the rotational motion of the

scanning mirror 115 like the conventional scanning mode of ultrasonographic

endoscopes. A volumetric image can be formed as a composition of serial B-scan

images consecutively acquired during the linear motion of the scanning mirror 115.

Here, two kinds of scanning mode are supposable for the linear scanning. The first

mode is to pull back the whole endoscope probe, which can be achieved manually or

by a linear actuator 112 connected to the proximal end of the catheter body 108. This

method follows the conventional scanning mode and is applicable to any embodiment

of the photoacoustic endoscope system described herein. The second mode is to

translate only the scanning mirror 115 inside the distal end while the catheter body

108 remains static (as shown in Figure 10). The second scanning method is more

appropriate for small area scanning compared to the conventional pull-back method

but superior in terms of contact stability. In addition to the translational scanning

mode for the scanning mirror 115, a tilted scanning mode can be employed to produce

a volumetric image (as shown in Figure 9). To secure smooth pull-back motion of the

probe in the instrument channel of a co-operating video endoscope, another tube, such

as an outer tube 107, may be added to the sheath of the catheter body 108 in order to

avoid direct contact between the catheter and the inner wall of the instrument channel.

In addition, the catheter body may also be formed in two sections having different

materials: a flexible tube 108 for the proximal and middle part of the body, and a rigid

tube 102 for the distal part, if stable optical alignment is necessary to the optical

components in the distal part. In the illumination unit 103, the single strand of fiber

113 may be employed alone for the light illumination, without adding other optical

components. In this case, the illumination zone will be broad and is determined by

the numerical aperture and the diameter of the fiber 113. Other optical components

may be added to the outlet of the fiber 113 to increase the tightness of the illumination

zone. By illuminating target tissue more tightly, photoacoustic waves may be induced
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from a more selected area. The required mechanical torque for rotating the scanning

mirror 115 may be supplied directly by an embedded source or indirectly by an

external source through a suitable transmission method, such as a flexible driving

shaft.

[0048] Such a configuration facilitates stable light delivery and stable

signal detection, which means improvement of the SNR. Because the illumination

optics 103 and ultrasonic detection element 105 (with the acoustic lens 104) do not

participate in the mechanical scanning but remain static, possible technical issues in

disjointed rotating coupling, i.e., light transfer to and signal reception from the

proximal end of the rotating flexible shaft, may be avoided. Here, "static" does not

mean the preclusion of the movement of the elements with the whole probe system.

Rather, "static" means no relative movement in the distal end. Additionally, since this

scanning mechanism does not preclude traditional pure ultrasonic imaging capability,

i.e., pulse-echo mode, two forms of imaging can be performed and automatically co-

registered for side-by-side displays and/or overlays. This scanning mechanism's

simple structure permits fabrication of a tiny endoscopic probe, one small enough to

perform not only independently but also with existing gastrointestinal fiber scopes

through their instrument channels.

[0049] Since the mirror's oblique reflection surface serves as a signal

transmitter as well as a scanning substitute, its surface must be made with an

appropriate material for both light and ultrasonic wave reflection. From basic

acoustic theory, one of ordinary skill in the art should understand that ultrasound rays,

both longitudinal rays and shear rays, approaching the reflection surface of high

acoustic impedance material at a large incidence angle are highly or totally reflected.

Because of the high acoustic impedance difference between the scanning mirror 115

and its background medium (i.e., immersion medium) 101, the ultrasonic reflection

from the mirror 115 is high even at small incidence angles. Therefore, the acoustic

wave reflection mechanism of the present invention, i.e., using a scanning mirror

having an oblique reflection surface, facilitates providing satisfactory propagation of
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ultrasonic waves, which is comparable to the conventional ultrasonographic

endoscope system that directly rotates the detection element. In the exemplary

embodiment, the inner part of the distal end is filled with an acoustically transparent

liquid medium 101, such as water or mineral oil, to provide an acoustic impedance

matching medium for ultrasonic wave propagation. In addition, in the exemplary

embodiment, the optically transparent imaging window 116 is made with an

ultrasound permeable material, and its area is determined according to its specific

application. Instead of attaching an acoustic lens 104 having a concave surface to the

ultrasonic transducer 105, the reflection surface of the scanning mirror 115 may be

formed as a curved shape like a concave optical mirror to focus ultrasonic waves. In

some embodiments, the scanning mirror 115 is formed with a parabolic shape in order

to minimize aberration. In the exemplary embodiment, an array of ultrasonic

transducers may replace the acoustic lens 104 and provide spatial focusing capability

using synthetic aperture imaging. The ultrasonic sensing element 105 may be

composed of various materials, forms, and/or types, such as piezo-polymer or

piezoceramic, focused or unfocused, and single element or an array of many elements.

It is desirable to have broad bandwidth for achieving high axial resolution. Typical

endoscopic ultrasonographic imaging frequencies range from a few megahertz (MHz)

to approximately 100.0 MHz. A PVDF film based transducer is also good for

acoustic wave detection. In addition, optical detection methods, such as the Fabry-

Perot interferometery, may replace the conventional piezoelectric effect based

transducers. In some embodiments, in order to increase the electric signal

transmission efficiency from the ultrasonic transducer 105 to the detection electronics

109, a preamplifier circuit is embedded into the catheter tube near the ultrasonic

transducer 105.

[0050] Figure 2 is a block diagram of the photoacoustic endoscope

probe shown in Figure 1 and its peripheral system. The system includes a light source

and light delivery subsystem that consists of a tunable pulse laser 202, an optical fiber

or fibers and associated fiber coupling optics 201, a photoacoustic endoscope probe
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203, and a detection electronic subsystem that may include an ultrasonic

pulser/receiver 204, a motion controller 206, a data-acquisition system 205, and/or a

data-analyzing PC 207. Laser pulses from a pulse laser 202 (e.g., a tunable dye laser

or diode lasers) are used to illuminate the tissue. The laser's wavelength is selected to

obtain specific spectral image information. A set of time-resolved photoacoustic

signals generated by the laser pulse is captured by the data acquisition system 205

during a set time interval. In some embodiments, the data-acquisition system 205 is a

digital oscilloscope system, data acquisition computer board, and/or a stand alone

digitizer having a high sampling rate. A time-resolved photoacoustic signal produced

by a single laser pulse forms an A-line that contains optical absorption and depth

information. A cross-sectional (B-scan) image is formed with a series of A-line

signals acquired during the circumferential rotation of the scanning mirror. The

rotation of the scanning mirror 115 (shown in Figure 1) and the pull-back of the linear

actuator 112 (shown in Figure 1) are controlled by the motion controller 206, and its

position information is communicated to the data-analyzing PC 207. Through real

time data communication among the data-acquisition system 205, the motion

controller 206, and/or the data-analyzing PC 207, cross-sectional (B-scan) or

volumetric images are composed and displayed promptly by installed image

reconstruction software. By setting the pulser/receiver 204 accordingly, the ultrasonic

transducers may work alternatively in two modes. In a first mode, the ultrasonic

transducers work as a receiving transducer for photoacoustic imaging. In a second

mode, the ultrasonic transducers work as a pulser/receiver for conventional pulse-

echo mode ultrasonic imaging. The data-acquisition subsystem 205 produces a clock

signal to synchronize all electronic subsystems.

[0051] Maintaining the aforementioned scanning concept shown in

Figure 1, an example of a mechanism for transmitting driving force to the scanning

mirror 115, with one of several possible configurations of associated elements at the

distal end according to the present invention, will be described by referring to Figure

3 . One of ordinary skill in the art should understand that there may be many methods
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for transmitting the driving force, so this example does not restrict the scope of the

present invention, but merely provides an exemplary embodiment of the scanning

concept. This embodiment is more focused on the conventional circumferential

scanning capability for real time circular B-mode image display. Components shown

in Figure 3, identical to components shown in Figures 1 and 2, are identified in Figure

3 using the same reference numerals used in Figures 1 and 2 .

[0052] Figure 3, unlike a universal ultrasonographic endoscope

employing an external driving force through a flexible shaft for rotating the scanning

tip, is a schematic diagram of an photoacoustic endoscope that includes a micromotor

301, which is small enough to satisfy the general instrument channel size constraint,

e.g., approximately 2.7 millimeters (mm) in diameter, of universal gastrointestinal

fiber scopes, for rotation. During the light illumination with optical fiber 305, the

circumferential sector scanning is performed by the scanning mirror 307 that receives

torque from the micromotor 301. Generated photoacoustic signals coming from the

imaging window 308 are captured by the ultrasonic transducer 303 through the

acoustic lens 302, converted into an electric signal, and transferred to the detection

electronics 109 (shown in Figure 1) through electric wires 304. In some

embodiments, the motor's housing space is sealed from the immersion medium 306

because commercially available micromotors are designed for an in-air working

environment. Moreover, a couple of small bearings 309, such as jewel bearings, may

be used to provide smooth mirror rotation and seal the interface between the two

compartments. Alternatively, a waterproof micromotor or other actuators, such as a

direct drive brushless motor, designed to work under water may be utilized. The

current method employing a micromotor 301 provides an adequate frame rate of the

B-scan image, determined by the rotational speed of the micromotor. Using an

existing micromotor providing enough torque to turn the scanning mirror 307, an

approximately 30.0 Hz frame rate is achievable. A frame rate of approximately 30.0

Hz is the typical frame rate of a universal ultrasonographic endoscope probe. The

frame rate is adjustable by using an appropriate gear assembly with the micromotor
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301. In addition to the rotational speed of the motor, the pulse repetition rate of the

laser is a factor that determines the angular image resolution in a radial B-scan image.

Recent laser systems can achieve high repetition rates, up to a few kHz.

[0053] The micromotor based scanning mechanism has several

advantages over the conventional method utilizing a flexible shaft. It improves

catheter flexibility, which means better maneuverability, and does not require

rotational coupling of optical and electric signals thus improves the SNR of the

system. Moreover, any kink in the endoscope's body would not affect the scanning

mirror's movement, and a phase delay in the rotation of the scanning mirror would

not occur, but it might when a flexible shaft is employed. In various embodiments,

the configuration of the required elements may be varied for specific applications, as

described hereinbelow.

[0054] The current system provides photoacoustic and conventional

ultrasonic imaging simultaneously according to the aforementioned method and may

be used for diagnostic, monitoring, or research purposes. In addition, this scanning

mechanism and related imaging systems according to the present invention may

replace or complement conventional planar (both in x and y-direction) scanning mode

based photoacoustic imaging systems. The scanning mechanism may be realized as a

co-operating probe with a video endoscope system, being small enough to be pulled

through the instrument channel (around 2.7 mm) of the video endoscope. In addition,

the current photoacoustic endoscope system may be used for diagnosis independently

as a specialized gastro-endoscope or recto-scope. In this case, the probe diameter is

equal or close to the body size of conventional video endoscopes, around 10 mm in

diameter. Such a probe may incorporate an ultrasound preamplifier for improving

SNR, angulation capability for probe steering, and a CCD camera for transmitting

visual information during it maneuvers. To provide stable contact conditions between

the endoscope and target tissues, the balloon contact or water immersion methods

may be employed.
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[0055] The main applications of the technology include, but are not

limited to, in vivo imaging and diagnosis of various kinds of cancerous tissues in the

gastrointestinal tract and plaques in blood vessels of humans. The present invention

may use the spectral properties of intrinsic optical contrast to monitor blood

oxygenation (oxygen saturation of hemoglobin), blood volume (total hemoglobin

concentration), and/or the metabolic rate of oxygen consumption, which is referred to

as functional imaging. It may also use the spectral properties of a variety of dyes or

other contrast agents to obtain additional functional or molecular-specific information,

i.e., molecular imaging. Since the acoustic property based contrast image supplied by

the pure ultrasonic imaging capability is produced together with the photoacoustic

image, plenty of diagnostic information may be provided to a practitioner

synergistically.

[0056] Using the optical fiber illumination method shown in Figure

3, even without other optical components, a sufficiently tiny illumination zone may be

formed at the surface of the target tissue, provided that an optical fiber having a low

numerical aperture is employed. However, the illumination unit may also be

configured as a more integrated optics system to focus light more tightly at the target

point. In some embodiments, the illumination unit includes an optical assembly of

lenses, prisms, and/or mirrors. There also could be some variation in placing the

outlet of the illumination unit, at the central position as shown in Figure 3, or at the

circumference of the ultrasonic detection element. Similarly, the focal tightness of the

ultrasonic detection element may be achieved by employing acoustic components,

such as lenses and mirrors. The lateral resolution of the photoacoustic endoscope

system is mainly determined by the ultrasonic focusing capability rather than the focal

tightness of optical illumination in the quasi-diffusive or diffusive regime. Hence, a

tighter focusing of the ultrasonic detection element with a higher numerical aperture

may improve the image resolution and SNR. In Figures 4-5, various methods for

more tight optical illumination and ultrasound focusing are described. Components

shown in Figures 4 and/or 5, identical to components shown in Figures 1-3, are
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identified in Figures 4 and/or 5 using the same reference numerals used in Figures 1-

3 .

[0057] In Figure 4, simple methods for more tight illumination of the

target area as well as for more effective ultrasound focusing are provided. Here the

scanning mirror having a flat surface 307 (shown in Figure 3) is replaced with a

curved shape mirror 402 having two reflection surfaces (i.e., meniscus) and is

attached obliquely at the support 401. Two reflection surfaces provide focusing

capabilities for light and/or ultrasound reflections, respectively. The back surface of

the meniscus mirror 402 is coated with a light reflective material and provides a light

reflection surface with a focusing capability like a conventional concave optical

mirror. Similarly, the front surface of the meniscus mirror 402 is formed with a

different curvature for ultrasonic wave reflection. Provided that the material of the

meniscus mirror 402 has enough acoustic impedance difference to the background

medium 403, most of the ultrasonic waves can be reflected by the front surface.

Ultrasonic waves coming from the imaging window 410 are converged by the front

surface and sent to the ultrasonic transducer 405 (and further transmitted to the

detection electronics through signal wires 406 that extend along the catheter body

408). This ultrasound focusing capability can be achieved not only by the meniscus

mirror 402 alone, but also by the acoustic lens 404 attached at the surface of the

ultrasonic transducer 405. In addition, in some embodiments, a ball shape (or semi-

ball shape) optical lens 409 may be added at the outlet of the optical fiber 407 to

achieve more tight light illumination. By appropriately designing the curvatures of

the two reflection surfaces of the meniscus mirror 402, the focal tightness of light

illumination and ultrasound detection may be selectively determined, and ultrasonic

aberration can be reduced.

[0058] In Figure 5, different methods for light illumination of the

target area, here referred to as a darkfield illumination, as well as for ultrasound

focusing are provided. In this embodiment, an off-axis parabolic mirror 502 is

employed for the scanning substitute and serves both light and ultrasound reflection.
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A small bearing 501, which may serve as a seal, provides smooth motion to the

parabolic mirror 502. Provided that the material of the parabolic mirror 502 has

enough acoustic impedance difference from the background medium 503, most of the

ultrasonic waves are reflected by the front surface which also provides a reflection

surface for light. Here, the curvature of the parabolic mirror 502 is determined to be

more effective to the tight focusing of the ultrasonic waves rather than that of optical

illumination. By a conical lens 504 attached at the outlet of the optical fiber 507, the

laser beam coming out from the fiber 507 is formed as a hollow cone shaped beam

and finally incident on the tissue surface with a ring-shaped broad illumination pattern

after the reflection by the parabolic mirror 502. It is important that this dark-field

illumination method suppresses strong photoacoustic signals from the tissue surface

by decreasing the optical fluence at the central region of the ring-shaped illumination

pattern. Under this illumination geometry, photoacoustic waves are dominantly

generated at the focal zone that is formed at a deep region of the target tissue through

the ring-shaped illumination. Some of the generated photoacoustic waves that

propagate toward the parabolic mirror 502 via the imaging window 509 are reflected

by the parabolic mirror 502 and finally detected by the ultrasonic transducer 505 (and

further transmitted to the detection electronics through signal wires 506 that extend

along the catheter body 508). Here, only the ultrasonic waves coming from a point

source located at the off-axis focal point of the parabolic mirror 502 are converted

into plane waves that propagate parallel to the normal of the flat ultrasonic transducer

505 and produce dominant piezoelectric signal to the transducer 505. Another

important feature of the parabolic mirror-based detection configuration is that the

numerical aperture of ultrasound detection is not affected by the distance between the

parabolic mirror 502 and the ultrasonic transducer 505 but it is entirely determined by

the distance between the parabolic mirror 502 and its focal point, and its area. So, one

has the freedom in setting the distance between the mirror surface 502 and the

ultrasonic transducer 505 while conserving the numerical aperture. Moreover, this
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ultrasound focusing mechanism employing the parabolic mirror 502 is superior to the

spherical mirror in terms of aberration. These light/ultrasound focusing methods

shown in Figures 4 and 5 may be applied to any system that is provided by the

embodiments described herein.

[0059] Preserving the basic scanning concept shown in Figure 1,

alternative embodiments on the driving force transmission mechanism to the scanning

mirror and configurations of associated elements are provided in Figures 6-8. These

embodiments are more oriented to the circumferential scanning capability of the

scanning mirror and may be applied to such a circumstance that a short distance

between the imaging window and the tip of the catheter is critical. Components

shown in Figures 6-8, identical to components shown in Figures 1-5, are identified in

Figures 6-8 using the same reference numerals used in Figures 1-5.

[0060] In Figure 6, an embodiment in which the position of the

micromotor 606 is moved from the distal end (shown in Figure 3) to near the base of

the ultrasonic transducer 603 is provided. In this case, the required torque of the

scanning mirror 608 is transferred indirectly from the micromotor 606 through

magnetic coupling. First the torque of the micromotor 606 is transferred to a magnet

604 through a flexible shaft 607, and further transmitted through the magnetic field to

the opposite magnet 601 that is joined together with the scanning mirror 608. Finally,

the scanning mirror 608 receives the torque and turns. Provided that sufficiently

strong magnets are employed, the scanning mirror 608 rotates in step with the leading

magnet 604. To secure the strong magnetic coupling, a non-magnetic material, such

as plastic or stainless steel, is used for the surrounding material, e.g., the catheter

body. Two small bearings 605 and 602 may be employed to provide smooth rotation

of the leading magnet 604 and the opposite magnet 601. In addition, to reduce the

coupling distance to the leading magnet 604, the whole of the mirror 608 may be

fabricated with a magnetized material instead of attaching the additional magnet 601.

Although the basic concept for the torque transmission shown in these examples is the

magnetic coupling, other electromagnetic principles, such as electromagnetic
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induction, may be applied to transmit torque to the mirror. Moreover, the mechanical

driving force employing the micromotor may be replaced with a hydraulic driving

method.

[0061] In Figure 7, an alternative embodiment in the position of the

scanning mirror and the ultrasonic transducer is shown. Specifically, the positions of

the scanning mirror and the ultrasonic transducer are reversed from the previous

configuration shown in Figure 6 . This embodiment also utilizes the driving force

generated by a micromotor 709, which is positioned in the flexible part of the catheter

body 707. External light energy for illumination is guided to a tiny mirror 712 that is

embedded in the scanning mirror (here, an optical prism) 702 though an optical fiber

708. The light is further guided by another tiny mirror 703 that is disposed in the

prism 702 and is refracted at the prism's surface, then finally delivered to the target

tissue. The two mirrors 703 and 712 rotate with the optical prism 702 that reflects

ultrasonic waves during circumferential scanning; their torque is received from the

micromotor 709. However, the optical fiber 708 remains static during their rotation.

Two bearings 705 and 7 11 serve as mechanical interfaces that divide the rotating parts

702 from the static optical fiber 708 and play the role of sealing as well. To make the

rigid section of the catheter body as short as possible, the micromotor 709 is placed in

the flexible part 707 rather than the rigid part 704 of the catheter body. In addition, a

flexible shaft 710 may be used to transfer the motor's torque. Generated

photoacoustic signals coming via the imaging window 713 are detected by a focused

ultrasonic transducer 701, and its electric signal is transferred to the detection

electronics through signal wires 706.

[0062] In Figure 8, another embodiment is provided that employs the

magnetic coupling method shown in Figure 6 . However, this embodiment employs an

external driving force through a flexible shaft. This configuration employing the

flexible shaft would be more appropriate in circumstances where the flexibility of the

catheter body is less critical. Like Figure 6, a pair of magnets is employed, but the

previous micromotor 606 (shown in Figure 6) is replaced with an external motor 809.
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The torque generated by the external motor 809 is transferred to the leading magnet

8 11 through a flexible shaft 804 that extends inside the flexible catheter body 806. A

gear 807 at the proximal end of the flexible shaft 804 is in gear engagement with a

pinion 810 and receives torque from the external motor 809. In this configuration,

since the optical fiber 808 embedded into the flexible shaft 804 remains static during

the rotational motion of the flexible shaft 804 and the magnet 8 11, illumination light

is delivered stably to the scanning mirror 812, precluding the coupling issue at the

proximal end. The torque of the leading magnet 811 is transferred to the opposite

magnet 801, such that the scanning mirror 812 receives the torque and performs

circumferential scanning. Similar to the alternative mechanism shown in Figure 6,

generated photoacoustic waves are captured by the ultrasonic transducer 803 through

an acoustic lens 802, and the electrically converted signals are transferred to the

detection electronics through electric wires 805.

[0063] Preserving the basic system configuration and scanning

mechanism shown in Figure 1, two alternative types of mechanical scanning mode,

which do not require the pull-back motion of the whole probe, are provided in Figures

9 and 10, to produce volumetric images. These scanning modes are more appropriate

for small area scanning compared to the conventional pull-back method but superior

in terms of scanning stability because the catheter body is kept stationary during the

scanning.

[0064] In Figure 9, a simple method for the 3D imaging of the target

area is provided. In this embodiment, another scanning motion, i.e., a tilt motion (or a

nodding motion), is allowed to the scanning mirror 906 in addition to its rotational

motion. The scanning mirror 906 is attached to the support 904 via a bending actuator

905, which is made with a piezoceramic or a bimetal bimorph, in order to provide

another scanning plane to the mirror 906. The tilt angle of the bending actuator 905

can be controlled dynamically by applying an appropriate voltage through the shaft

902 of the micromotor 901. In the exemplary embodiment, the micromotor 901 is

fabricated as an integrated system that can supply a torque to the scanning mirror 906
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and a voltage signal to the bending actuator 905 for the tilt motion. In some

embodiments, the housing of the micromotor 901 is isolated from the background

medium 907 by a seal (i.e., a jewel bearing) 903 if an in-air working environment is

required. According to this scanning mechanism, the illumination zone and the

ultrasonic focal point can be steered coincidently over the region of interest. The

emitted laser beam from the optical fiber 9 11 is reflected by the scanning mirror 906

and guided to the surface of the target tissue, finally generates ultrasonic waves.

Some of the ultrasonic waves transmitted through the imaging window 913 are

reflected by the scanning mirror 906, and propagated to the acoustic lens 908 and the

ultrasonic transducer 909 (and further transmitted to the detection electronics through

signal wires 910 that extend along the catheter body 912).

[0065] In Figure 10, another scanning mode for the 3D imaging of

the target area is provided. In this embodiment, the parabolic mirror 1002 is

employed for the scanning substitute and obtains a translational freedom in

conjunction with the rotational motion and performs linear scanning over the region

of interest to produce volumetric images. The required torque and translational

energy of the scanning mirror 1002 are supplied from a helical motion micromotor

1001, so the scanning point is moved linearly and/or circumferentially over the region

of interest. As mentioned in Figure 5, the parabolic surface of the scanning mirror

1002 converts the spherical ultrasonic waves coming from a point source, which is

located at the off-axis focal point of the parabolic mirror 1002, via an imaging

window 1009 into plane waves, and sends them to the flat ultrasonic transducer 1004.

The acoustic pressure of the plane waves is converted into a piezoelectric signal by

the flat ultrasonic transducer 1004 and transferred to the detection electronics through

signal wires 1006 that extend along the catheter body 1008. However, it is important

that the ultrasonic numerical aperture of the parabolic mirror 1002 does not change

during the translational movement as mentioned in Figure 5 . In other words, the

uniformity of ultrasonic signal detection may be secured even though the distance

between the scanning mirror 1002 and the ultrasonic transducer 1004 changes. To
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secure illumination uniformity during the translational movement of the scanning

mirror 1002, emitted beam from the illumination unit 1005 is formed as a collimated

beam. For example, such a collimated beam may be achieved simply by employing

an optical fiber 1007 having a low numerical aperture and an immersion medium

having a high optical refractive index.

[0066] Figure 11 is a flowchart illustrating an exemplary endoscopy

scanning method using the photoacoustic endoscope concept described above.

Referring to Figures 1 and 2, and in the exemplary embodiment, a pulse is emitted

1101. The pulse may be a light pulse emitted by, for example, optical fiber 113.

Alternatively, the pulse may be an ultrasonic pulse emitted by, for example, ultrasonic

transducer 105. The pulse is then reflected 1102 by a rotatable mirror, such as mirror

115. More specifically, the pulse is reflected 1102 by the mirror 115 onto a target

surface 114 of an object. In some embodiments, the mirror 115 is rotated by a

micromotor, such as micromotor 301 (shown in Figure 3). The micromotor 301 may

include a plurality of gears or may be coupled to a gear mechanism, such as gear 807

(shown in Figure 8). In some other embodiments, the mirror 115 is rotated by a

micromotor that is coupled to a magnet assembly that includes a first magnet, such as

magnet 604, and a second magnet, such as magnet 601 (both shown in Figure 6).

[0067] In the exemplary embodiment, the pulse induces the object to

emit a response signal. If the pulse signal is a light pulse, the response signal is a

photoacoustic wave. Alternatively, if the pulse signal is an ultrasonic pulse, the

response signal is an ultrasonic pulse echo. The response signal is reflected 1103 by

the mirror 115 to a signal detection unit that includes, for example, an acoustic lens

104 and an ultrasonic transducer 105. The signal detection unit generates 1104 an

electronic signal based on the response signal and transmits the electronic signal to a

data-acquisition system 205. Finally, a data-analysis computer 207 generates 1105 an

image based on the electronic signal, for display to an operator.
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[0068] As enumerated before, possible configurations for realizing

photoacoustic endoscope systems were provided according to the current invention.

There may be further alternatives with minor modifications of the associated

elements, in their number, size, position, or replacement with equivalents. In

addition, basic ideas provided by the embodiments shown in Figures 1-10 on

illumination, ultrasonic detection, and/or scanning mechanism may be utilized with

the recombination for specific application. However, the basic scanning concept that

employs the scanning mirror and associated operation of the mechanism should be

maintained to maximize the stability of light delivery and photoacoustic signal

transfer as described in this disclosure.

[0069] It will be understood that the particular embodiments

described herein are shown by way of illustration and not as limitations of the

invention. The principal features of this invention may be employed in various

embodiments without departing from the scope of the invention. Those of ordinary

skill in the art will recognize 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.

[0070] All of the compositions and/or methods disclosed and claimed

herein may be made and/or executed without undue experimentation in light of the

present disclosure. While the compositions and methods of this invention have been

described in terms of the embodiments included herein, it will be apparent to those of

ordinary 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. 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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[0071] It will be understood by those of skill in the art that

information and signals may be represented using any of a variety of different

technologies and techniques (e.g., data, instructions, commands, information, signals,

bits, symbols, and chips may be represented by voltages, currents, electromagnetic

waves, magnetic fields or particles, optical fields or particles, or any combination

thereof). Likewise, the various illustrative logical blocks, modules, circuits, and

algorithm steps described herein may be implemented as electronic hardware,

computer software, or combinations of both, depending on the application and

functionality. Moreover, the various logical blocks, modules, and circuits described

herein may be implemented or performed with a general purpose processor (e.g.,

microprocessor, conventional processor, controller, microcontroller, state machine or

combination of computing devices), a digital signal processor ("DSP"), an application

specific integrated circuit ("ASIC"), a field programmable gate array ("FPGA") or

other programmable logic device, discrete gate or transistor logic, discrete hardware

components, or any combination thereof designed to perform the functions described

herein. Similarly, steps of a method or process described herein may be embodied

directly in hardware, in a software module executed by a processor, or in a

combination of the two. A software module may reside in RAM memory, flash

memory, ROM memory, EPROM memory, EEPROM memory, registers, hard disk, a

removable disk, a CD-ROM, or any other form of storage medium known in the art.

Although preferred embodiments of the present invention have been described in

detail, it will be understood by those skilled in the art that various modifications can

be made therein without departing from the spirit and scope of the invention as set

forth in the appended claims.

[0072] A controller, computing device, or computer, such as

described herein, includes at least one or more processors or processing units and a

system memory. The controller typically also includes at least some form of

computer readable media. By way of example and not limitation, computer readable

media may include computer storage media and communication media. Computer
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storage media may include volatile and nonvolatile, removable and non-removable

media implemented in any method or technology that enables storage of information,

such as computer readable instructions, data structures, program modules, or other

data. Communication media typically embody computer readable instructions, data

structures, program modules, or other data in a modulated data signal such as a carrier

wave or other transport mechanism and include any information delivery media.

Those skilled in the art should be familiar with the modulated data signal, which has

one or more of its characteristics set or changed in such a manner as to encode

information in the signal. Combinations of any of the above are also included within

the scope of computer readable media.

[0073] The embodiments described herein relate to a concurrent

optical excitation and ultrasonic detection that scans an object with motion of a single

element (mirror). A mirror serves three purposes: it is a moving scanning substitute,

and it reflects both light to be delivered to the target tissue and ultrasonic waves

received from the target. It enables object scanning similarly to a universal

catheterized medical imaging device while maintaining the illumination optics and

ultrasonic detection element stationary. Additionally, the employment of a

micromotor for the rotation of the scanning mirror and/or other active scanning

techniques enables a more simplified system that eliminates flexible shafts thus

improving catheter flexibility and does not use rotational coupling of optical and

electric signals thus improving the signal to noise ratio of the system. The system

effectively positions the required illumination optical unit and facilitates performing

photoacoustic imaging as well as conventional pure ultrasonic imaging. It thereby

enables production of double contrasts based on acoustic properties and optical

absorption properties, making it desirable for the characterization of tissue

abnormalities such as tumors. Similarly, pure optical imaging such as confocal
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microscopy and optical coherence tomography can be incorporated for multi-modality

imaging. By utilizing a strong magnetic coupler with the micromotor, the required

rotational force may be transmitted to the mirror effectively without direct mechanical

connection, which enables diverse variations in the configuration of the components.

[0074] This written description uses examples to disclose the

invention, including the best mode, and also to enable any person skilled in the art to

practice the invention, including making and using any devices or systems and

performing any incorporated methods. The patentable scope of the invention is

defined by the claims, and may include other examples that occur to those skilled in

the art. Such other examples are intended to be within the scope of the claims if they

have structural elements that do not differ from the literal language of the claims, or if

they include equivalent structural elements with insubstantial differences from the

literal languages of the claims.
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WHAT IS CLAIMED IS:

1. A reflection-mode photoacoustic endoscope comprising:

a light source configured to emit a light pulse;

a signal detection or detection and transmission unit configured to

detect or emit and detect an ultrasonic pulse; and

5 a rotatabIe reflector configured to:

reflect at least one of the light pulse and the ultrasonic pulse

into a target area of an object; and

reflect a response signal to said signal detection unit, the

response signal being one of a photoacoustic wave generated by the object responsive

10 to the light pulse and an ultrasonic pulse echo generated by the object responsive to

the ultrasonic pulse.

2 . A reflection-mode photoacoustic endoscope in accordance with

Claim 1, further comprising a micromotor coupled at a first end to said mirror, said

micromotor configured to impart a rotational force on said mirror.

3 . A reflection-mode photoacoustic endoscope in accordance with

Claim 2, wherein said micromotor comprises a galvanometer lead.

4 . A reflection-mode photoacoustic endoscope in accordance with

Claim 2, wherein said micromotor comprises a plurality of gears.

5 . A reflection-mode photoacoustic endoscope in accordance with

Claim 2, wherein said micromotor is coupled at a second end to a gear mechanism,

said gear mechanism coupled to a precise screw actuator to facilitate both rotational

and axial motion of an acoustic focus.
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6 . A reflection-mode photoacoustic endoscope in accordance with

Claim 1, further comprising a micromotor and a magnet assembly, said magnet

assembly coupled to said reflector.

7 . A reflection-mode photoacoustic endoscope in accordance with

Claim 5, wherein said magnet assembly comprises a first magnet coupled to said

micromotor and a second magnet positioned with respect to said first magnet and

coupled to said reflector, said micromotor configured to generate torque, said first

magnet configured to convert the torque into a magnetic field, said second magnet

configured to rotate said reflector based on the magnetic field.

8. A reflection-mode photoacoustic endoscope in accordance with

Claim 1, wherein said signal detection unit comprises an ultrasonic transducer, said

reflector comprises a parabolic mirror configured to reflect and focus the response

signal onto said ultrasonic transducer.

9 . A reflection-mode photoacoustic endoscope in accordance with

Claim 1, wherein said mirror comprises a plurality of reflective surfaces.

10. A reflection-mode photoacoustic endoscope in accordance with

Claim 1, wherein said endoscope is sized to fit within a catheter.

11. An endoscopy system comprising:

a reflection-mode photoacoustic endoscope comprising:

a light source configured to emit a light pulse;

a signal detection or transmission unit configured to detect or

emit an ultrasonic pulse; and

a rotatable mirror configured to reflect at least one of the light

pulse and the ultrasonic pulse into a target area of an object, and reflect

a response signal to said signal detection unit, the response signal
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being one of a photoacoustic wave generated by the object responsive

10 to the light pulse and an ultrasonic pulse echo generated by the object

responsive to the ultrasonic pulse;

a data-acquisition system configured to receive an electronic signal

generated by said signal detection unit based on the response signal; and

a data-analysis computer configured to generate an image based on the

15 electronic signal.

12. An endoscopy system in accordance with Claim 11, wherein said

endoscope further comprises a micromotor coupled at a first end to said mirror, said

micromotor configured to impart a rotational force on said mirror.

13. An endoscopy system in accordance with Claim 11, wherein said

endoscope further comprises a micromotor and a magnet assembly, said magnet

assembly coupled to said mirror.

14. An endoscopy system in accordance with Claim 13, wherein said

magnet assembly comprises a first magnet coupled to said micromotor and a second

magnet positioned with respect to said first magnet and coupled to said mirror, said

micromotor configured to generate torque, said first magnet configured to convert the

5 torque into a magnetic field, said second magnet configured to rotate said mirror

based on the magnetic field.

15. An endoscopy system in accordance with Claim 11, wherein said

signal detection unit comprises an ultrasonic transducer, said mirror comprises a

parabolic mirror configured to reflect and focus the response signal onto said

ultrasonic transducer.

16. An endoscopy system in accordance with Claim 11, wherein said

mirror comprises a plurality of reflective surfaces.
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17. An endoscopy system in accordance with Claim 11, wherein said

endoscope is sized to fit within a catheter.

18. An endoscopy scanning method comprising:

emitting a pulse, the pulse being one of a light pulse and an ultrasonic

pulse;

reflecting the pulse into an object using a rotatable mirror such that a

5 response signal is emitted by the object responsive to the pulse;

reflecting the response signal, by the mirror, to a signal detection unit,

the response signal being one of a photoacoustic wave generated by the object in

response to the light pulse and an ultrasonic pulse echo generated by the object in

response to the ultrasonic pulse;

10 generating an electronic signal based on the response signal; and

generating an image based on the electronic signal.

19. An endoscopy scanning method in accordance with Claim 18,

further comprising rotating the mirror using a micromotor coupled a plurality of

gears.

20. An endoscopy scanning method in accordance with Claim 18,

further comprising rotating the mirror using a micromotor coupled to a magnet

assembly.
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