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(57) ABSTRACT

An imaging apparatus is disclosed. The imaging apparatus
includes a source of electromagnetic radiation that is con-
figured to emit electromagnetic radiation at two or more
wavelengths through an imaging volume. The imaging
apparatus also includes an ultrasound transducer that is
configured to direct ultrasound waves through the imaging
volume such that electromagnetic radiation passing through
the imaging volume is modulated at the frequency of the
ultrasound waves. The imaging apparatus further includes
one or more electromagnetic radiation detectors that are
configured to detect the modulated electromagnetic radia-
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METHOD AND APPARATUS FOR IMAGING OF
TISSUE USING MULTI-WAVELENGTH
ULTRASONIC TAGGING OF LIGHT

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] The present application claims priority to the pro-
visional patent application No. 60/570645, filed on May 12,
2004, and entitled “Method And Apparatus For Functional
Imaging Of Biological Tissue Using Multi-Wavelength
Ultrasonic Tagging Of Light”.

BACKGROUND

[0002] The invention relates generally to the field of
diagnostic medical imaging and more specifically, to non-
invasive optical imaging.

[0003] Inmodern healthcare facilities, non-invasive imag-
ing systems are often used for identifying, diagnosing, and
treating physical conditions. Medical imaging typically
encompasses the different non-invasive techniques to image
and visualize the internal structures and/or functional behav-
ior (such as chemical or metabolic activity) of organs and
tissues within a patient. Currently, a number of modalities
exist for medical diagnostic and imaging systems, each
typically operating on different physical principles to gen-
erate different types of images and information. These
modalities include ultrasound systems, computed tomogra-
phy (CT) systems, x-ray systems (including both conven-
tional and digital or digitized imaging systems), positron
emission tomography (PET) systems, single photon emis-
sion computed tomography (SPECT) systems, and magnetic
resonance (MR) imaging systems.

[0004] Another imaging modality is optical imaging,
which operates by transmitting light of certain wavelengths
through a patient and generating an image based on the
transmitted light. Different wavelengths of light, including
near infrared wavelengths, may be used for optical imaging.
Due to light absorption and scattering by the imaged tissue,
optical imaging typically has relatively poor spatial resolu-
tion and anatomical registration. For example, when optical
imaging is employed for cancer detection, the imaging
technique suffers from low or reduced sensitivity and speci-
ficity. It may, therefore, be desirable to improve the spatial
resolution obtained in optical imaging.

BRIEF DESCRIPTION

[0005] In accordance with certain implementation of the
present technique, an exemplary imaging apparatus is dis-
closed. The imaging apparatus includes a source of electro-
magnetic radiation that is configured to emit electromagnetic
radiation at two or more wavelengths through an imaging
volume. The imaging apparatus also includes an ultrasound
transducer that is configured to direct ultrasound waves
through the imaging volume such that electromagnetic
radiation passing through the imaging volume is modulated
at the frequency of the ultrasound waves. The imaging
apparatus further includes one or more electromagnetic
radiation detectors that are configured to detect the modu-
lated electromagnetic radiation from the imaging volume.

[0006] In accordance with certain other implementation of
the present technique, an exemplary method of imaging is
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disclosed. The method involves transmitting electromag-
netic radiation at two or more wavelengths through a region
of interest of an imaging volume and modulating the elec-
tromagnetic radiation in the region of interest using acoustic
waves. The method further involves generating an image
based on the modulated electromagnetic radiation.

DRAWINGS

[0007] These and other features, aspects, and advantages
of the present invention will become better understood when
the following detailed description is read with reference to
the accompanying drawings in which like characters repre-
sent like parts throughout the drawings, wherein:

[0008] FIG. 1is a diagrammatical illustration of an exem-
plary imaging system for imaging biological tissues using
multi-wavelength electromagnetic radiation and ultrasound;
and

[0009] FIG. 2 is a diagrammatical illustration of an exem-
plary embodiment of the imaging system using dichroic
mirrors, optical filters and charge-coupled device in accor-
dance with certain aspects of the present technique illus-
trated in FIG. 1.

DETAILED DESCRIPTION

[0010] Turning now to the drawings and referring first to
FIG. 1, an exemplary imaging system 10 is illustrated. The
depicted imaging system 10 includes a source 12 of elec-
tromagnetic radiation, a detector 14 of electromagnetic
radiation, an ultrasound transducer 16, electromagnetic data
acquisition and control circuitry 18, ultrasound data acqui-
sition circuitry 20, operator interface 22, and data processing
circuitry 24. The depicted exemplary imaging system 10
also includes a display 26 and a printer 28. The source 12
and detector 14 define an imaging volume which may
accommodate part of a patient undergoing imaging, such as
tissues 33 or organs being examined for signs of a disease or
disorder.

[0011] The source 12 is configured to emit electromag-
netic radiation 30 at two or more wavelengths. In one
embodiment, the wavelengths are in a range from about 600
nanometers to about 900 nanometers, which is typically
classified as near-infrared (NIR) radiation. As will be appre-
ciated by those of ordinary skill in the art, the source 12 may
encompass a common emission mechanism capable of emit-
ting, concurrently or separately, the different wavelengths of
light or separate emitters of the different wavelengths, such
as discrete light emitting diodes (LEDs), laser diodes, or
lasers. For example, in one embodiment, the source 12 may
include one or more individual emitters of electromagnetic
radiation, each emitter configured to emit at a specific
wavelength. Examples of such emitters that may be incor-
porated into the source 12 include one or more lasers, laser
diodes, light emitting diodes (LEDs), or their combinations.
Typically, the coherence length of the emitted electromag-
netic radiation is greater than the average path length
difference due to scattering of the transmitted photons.

[0012] Furthermore, in certain exemplary implementa-
tions of the present technique, the two or more wavelengths
of electromagnetic radiation may be emitted from the source
12 in a sequential or alternating manner, i.c., one after the
other. In other exemplary implementations, the two or more
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wavelengths of electromagnetic radiation 30 may be emitted
from the source 12 concurrently i.e., at the same time. The
transmission of electromagnetic radiation 30 from the source
12 may occur in one of continuous wave mode, pulsed mode
or intensity modulated mode.

[0013] The radiation emitted by the source 12 may be
modulated by ultrasound waves propagating in the tissue 33.
Ultrasound is acoustic energy in the form of waves having
a frequency above the human hearing range, also called the
sonic range. The highest frequency that the human ear can
detect is about 20,000 Hertz. This is where the sonic range
ends and the ultrasonic range begins. As will be appreciated
by those of ordinary skill in the art, the ultrasound waves 32
may be generated by one or more devices, including piezo-
electric transducers, capacitive micro-machined ultrasound
transducers (cMUTS), ultrasound scanning phase arrays, and
laser photo-acoustic generators.

[0014] The ultrasound transducer 16 emits ultrasound
waves 32 that are directed at the tissue 33 or organ through
which the electromagnetic radiation 30 is directed such that
modulated electromagnetic radiation 34 emerges from the
tissue 33. For example, in one embodiment, when electro-
magnetic radiation is focused on the tissue 33 or organ in a
region of interest, and the ultrasound waves 32 are focused
and scanned through the region of interest, the intensity or
phase of the electromagnetic radiation passing through the
tissue 33 or organ gets modulated at the frequency of the
ultrasound waves. In other exemplary embodiments, the
modulated electromagnetic radiation 34 is modulated at
frequencies that are proportional to, but not substantially
equivalent to, the frequency of the ultrasound waves. Due to
the modulation, the modulated electromagnetic radiation 34
can be easily distinguished from background noise and/or
from unmodulated electromagnetic radiation 30. As will be
appreciated by a person skilled in the art, the ultrasound
transducer 16 may operate in any of the operating modes
known in the art. Examples of operating modes include
continuous mode, toneburst mode, sweeped toneburst mode,
or pulsed mode.

[0015] The detector 14 is adapted and configured to detect
the modulated electromagnetic radiation 34. Since the inten-
sity or phase electromagnetic radiation 34 is modulated
based on the frequency of the ultrasound waves 32, the
detector 14 may be configured to detect the modulated
electromagnetic radiation 34, thereby allowing differential
detection and processing of that electromagnetic radiation
passing through the region of interest where the ultrasound
is focused. Likewise, noise, such as unmodulated electro-
magnetic radiation, may be de-emphasized or ignored in
subsequent processing, effectively providing a higher signal-
to-noise ratio than might be attained without modulation.

[0016] In accordance with one embodiment of the present
technique, the detector 14 includes one or more detector
elements or mechanisms that are each configured to detect a
specific wavelength of the modulated electromagnetic radia-
tion 34. Conversely, in accordance with another embodi-
ment, the detector 14 includes one or more detector elements
or mechanisms, some or all of which are configured to detect
multiple wavelengths of the modulated electromagnetic
radiation 34. In this embodiment, separation of the modu-
lated electromagnetic radiation 34 may be accomplished by
sequential (as opposed to concurrent) emissions of the
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different wavelengths of electromagnetic radiation or by
subsequent processing of the detected radiation. Examples
of detectors include optical cameras, photomultiplier tubes
(PMTs), photodiodes (including avalanche photodiodes),
charge-coupled devices (CCDs), complementary metal
oxide semiconductor (CMOS) devices, conventional full-
field interferometers and photo-refractive devices. In certain
implementations, the detector 14 may include a combination
of one or more exemplary detectors specified above.

[0017] The electromagnetic data acquisition circuitry 18
acquires data 36 from the detector 14. In one embodiment,
the circuitry 18 provides control signals 38 to the source 12
based on the data 36 to alter the wavelengths of the elec-
tromagnetic radiation 30 emitted by the source 12. In certain
embodiments, the control signals 38 are based on the data 36
and on an imaging protocol or configuration 40 provided by
an operator, such as via the operator interface 22. The
control signals 38 control the operation of the source 12,
such as by dynamically altering the spectral separation
between the two or more wavelengths of electromagnetic
radiation 30 to provide a high contrast between the required
signal and background noise.

[0018] In one embodiment, the data acquisition circuitry
18 processes the data 36, such as digitizing, filtering, or
otherwise preparing the data for subsequent communication
and image processing. The acquired data 37 is provided to
data processing circuitry 24, which generates an image 46 of
the tissue or organ being imaged. The resulting image may
be useful in determining differences in absorption coeffi-
cients of at the wavelengths emitted by the source 12. These
differences may provide useful information, such as quan-
titative information about the different molecular states for
biologically interesting molecules. For example, hypoxia
may be an indicator of breast cancer which can be measured
based upon the ratio of the concentrations of oxy- and
deoxyhemoglobin. Because oxy and deoxyhemoglobin are
differentially absorptive at different wavelengths, the present
technique may be used to generate three-dimensional images
quantifying the concentrations of oxy and deoxyhemoglobin
in the imaged tissue, and thereby depicting local regions of
hypoxia. The spatial resolution of the three-dimensional
images is improved by the introduction of the ultrasound
modulation of the electromagnetic radiation, which allows
differential processing of that electromagnetic radiation
transmitted through a region of interest in the tissue despite
the scattering effects introduced by the tissue. In particular,
the spatial resolution is determined by the size of the
acoustic focal spot. The region of interest, typically, is the
region that is visible to a system operator that identifies a
region where imaging needs to be performed. Imaging
volume, on the other hand, may be defined as the volume
enclosed by the region of interest and containing the tissue
33 or organ that needs to be imaged and that which is not
visible to the system operator. By scanning the ultrasound
source 16 over the entire imaging volume of the tissue
undergoing imaging, high resolution data be acquired for the
entire region of interest and an image of the entire imaging
volume may be generated which has improved spatial reso-
lution. It should be noted that the purpose of modulation of
the electromagnetic radiation by the ultrasound waves is to
separate the electromagnetic radiation emanating from the
imaged tissue from other electromagnetic radiation that may
be emitted from other region or tissue not of specific interest.
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[0019] In particular, in one embodiment, the spatial reso-
lution of about 1 millimeter may be obtained by focusing
ultrasound waves in the range of between 1 MHz to about 10
MHz. In this embodiment, the detector 14 is used to acquire
a set of signals when coherent light (i.c., the electromagnetic
radiation in this embodiment) is transmitted through tissue
33 alternating between compression and rarefaction states
due to ultrasound waves 32. The data acquisition is per-
formed in synchronization with generation of the ultrasonic
wave in order to obtain signals corresponded to different
phases of ultrasonic wave when it travels through the
ultrasonic focus. By subtracting the signals in the rarefaction
state from the signals obtained in the compression state, a
full field ultrasonic modulated optical image is obtained.
While subtracting the signals yields the full field ultrasound
modulated optical image in this present embodiment, other
techniques known in the art for extracting optical images
from the signals may also be appropriately employed.

[0020] The preceding discussion dealt with the generation
of three-dimensional functional images using ultrasound
modulated electromagnetic radiation. In addition, as will be
appreciated by those of ordinary skill in the arts, it may be
desirable to generate an ultrasound image of the tissue in
conjunction with the generated optical image. Such an
exemplary combined modality imaging system providing
images generated both on optical as well as ultrasound data
would provide both structural and functional information to
a reviewing technologist.

[0021] For example, referring now to the exemplary
embodiment of FIG. 1, ultrasound data acquisition circuitry
20 is depicted which is configured to receive ultrasound data
42 from the ultrasound transducer 16. As will be appreciated
by those of ordinary skill in the art, the ultrasound transducer
16 sends ultrasound waves 32 through the tissue 33 in the
region of interest. Some of the ultrasound waves 32 are
reflected back when they strike the tissue 33 and are detected
by the ultrasound transducer 16. The operation of the
transducer 16 controlled by the ultrasound data acquisition
and control circuitry 20 by control instructions 44, which
may in turn be based on an imaging protocol or configura-
tion selected by an operator at the operator interface 22.

[0022] The ultrasound reflections and their respective tim-
ing information constitute ultrasound data 42, which is
acquired by the ultrasound data acquisition and control
circuitry 20. The ultrasound data 42 may be digitized and/or
otherwise processed by the acquisition-circuitry 20. The
acquired ultrasound data 43 is provided to data processing
circuitry 24, which generates an image of the tissue or organ
being imaged. In one embodiment, the acquired electromag-
netic radiation data 36, typically optical data, and the
acquired ultrasound data 43 are registered and processed to
generate composite images for display on the display 26. In
another embodiment, the acquired electromagnetic radiation
data 36 and the acquired ultrasound data 43 are processed to
generate separate images for display.

[0023] Turning now to FIG. 2, a specific detector embodi-
ment is depicted as an example of one implementation in
which the electromagnetic radiation 30 is concurrently emit-
ted at different wavelengths. The exemplary imaging system
48 includes the source 12 (as illustrated in FIG. 1 and
described previously) emitting electromagnetic radiation 30
in the form of coherent light at two or more wavelengths on

Nov. 17, 2005

a region of interest on the tissue 33. Ultrasound waves 32
from the ultrasonic transducer 16 are focused on the region
of interest on the tissue 33 to modulate the coherent light, as
described above. The modulated coherent light 50 that
emerges from the region of interest is typically appears as a
speckle pattern, where the speckle patterns are field intensity
patterns produced by mutual interference of coherent light
when subjected to minute spatial and temporal fluctuations
during propagation through a scattering medium. This
modulated coherent light 50 is separated into individual
wavelengths by a dichroic mirror assembly having a set of
dichroic mirrors (designated by reference numeral 52). The
set of two or more dichroic mirrors are designed to reflect
certain wavelengths of light and allow the passage of other
wavelengths of light. The separated wavelengths of modu-
lated coherent light 50 are then detected by a CCD device
56, such as a full field gated CCD camera, in the depicted
embodiment. The separated individual wavelengths of the
modulated coherent light 50 are then focused on a CCD
device 56 via an objective 54. This optical arrangement
images the separated speckle patterns onto different areas of
the CCD device. This allows for simultaneous registration of
multiple speckle patterns formed by separated wavelengths.
In certain other exemplary implementations of the present
technique, one or more optical band pass filters may be used
to separate the two or more wavelengths of the modulated
coherent light.

[0024] As will be appreciated by those of ordinary skill in
the art, other implementations of the detector 14 may be
employed to detect ultrasound-induced modulation of elec-
tromagnetic radiation in which two or more wavelengths of
radiation are present. For example, photorefractive interfer-
ometers or conventional speckle interferometers in combi-
nation with band pass filters and dichroic mirrors may be
used to detect ultrasonic-induced modulation. Likewise,
multiple CCD devices 56 may be employed such that
different wavelengths of modulated radiation are detected on
different CCD devices 56. Furthermore, a fiber bundle based
splitter, with or without band pass optical filters, may
constitute part of the detector 14.

[0025] 1In accordance with certain implementations of the
present technique, an exemplary method of diagnosing a
disorder in a tissue or organ includes the step of detecting the
modulated electromagnetic radiation at a first wavelength
and a second wavelength transmitted through the tissue. As
explained previously, modulation of the electromagnetic
radiation is achieved by focusing ultrasound waves on the
region of interest containing the tissue. The electromagnetic
radiation incident and passing through the tissue gets modu-
lated at the ultrasound frequency. Moreover, it must be
particularly noted that detection of the modulated electro-
magnetic radiation may be achieved by any of the devices
specified and described earlier. The method further involves
calculating a difference in absorption of each wavelength of
the modulated electromagnetic radiation at different loca-
tions in the tissue. The method may involve diagnosing any
disorder based on the difference in absorption of electro-
magnetic radiation at the first and the second wavelength. In
certain other implementations, electromagnetic radiation at
two or more wavelengths may also be used. An image of the
tissue may further be generated based on the detected
modulated electromagnetic radiation.
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[0026] In accordance with certain other exemplary imple-
mentations of the present technique, a method of using an
imaging system includes the step of operating an optical
imaging subsystem configured to emit electromagnetic
radiation at two or more wavelengths through an imaging
volume. The method further involves operating an ultra-
sound transducer configured to direct ultrasound waves
through the imaging volume such that electromagnetic
radiation passing through the imaging volume is modulated
based on the frequency of the ultrasound waves. It must be
particularly noted that an imaging system while operating
under principles of the present technique provides an
improved spatial resolution.

[0027] While only certain features of the invention have
been illustrated and described herein, many modifications
and changes will occur to those skilled in the art. It is,
therefore, to be understood that the appended claims are
intended to cover all such modifications and changes as fall
within the true spirit of the invention.

1. An imaging apparatus, comprising:

a source of electromagnetic radiation configured to emit
electromagnetic radiation at two or more wavelengths
through an imaging volume;

an ultrasound transducer configured to direct ultrasound
waves through the imaging volume such that electro-
magnetic radiation passing through the imaging vol-
ume is modulated based on the frequency of the ultra-
sound waves; and

one or more electromagnetic radiation detectors config-
ured to detect the electromagnetic radiation, wherein
each wavelength is detected at a separate portion of the
one or more detectors.

2. The imaging apparatus as recited in claim 1, wherein
the two or more wavelengths are within a near-infrared
spectrum.

3. The imaging apparatus as recited in claim 1, wherein
the source of electromagnetic radiation comprises at least
one coherent electromagnetic radiation source for each
wavelength.

4. The imaging apparatus as recited in claim 1, wherein
the source of electromagnetic radiation comprises at least
one light emitting diode, laser diode or laser for each
wavelength.

5. The imaging apparatus as recited in claim 1, wherein
electromagnetic radiation is transmitted in one of a continu-
ous wave mode, a pulsed wave mode or an intensity modu-
lated wave mode.

6. The imaging apparatus as recited in claim 1, further
comprising electromagnetic data acquisition and control
circuitry configured to receive data from the one or more
electromagnetic radiation detectors.

7. (canceled)

8. The imaging apparatus as recited in claim 1, further
comprising ultrasound data acquisition and control circuitry
configured to acquire ultrasound data via the ultrasound
transducer.

9. The imaging apparatus as recited in claim 1, comprising
data processing circuitry configured to generate an image
based on data acquired by at least one of the one or more
electromagnetic radiation detectors or the ultrasound trans-
ducer.

Nov. 17, 2005

10. The imaging apparatus as recited in claim 1, wherein
the two or more wavelengths are within a range of about 600
nanometers to about 900 nanometers.

11. The imaging apparatus as recited in claim 1, wherein
the one or more electromagnetic radiation detectors com-
prise at least one of a charge-coupled device, a complemen-
tary metal oxide semiconductor device, a photomultiplier
tube device, a photo-refractive interferometer, a full field
speckle interferometer, or combinations thereof.

12. The imaging apparatus as recited in claim 1, com-
prising a dichroic mirror assembly configured to separate the
two or more wavelengths of electromagnetic radiation such
that each wavelength is detected at the respective separate
portion of the one or more detectors.

13. The imaging apparatus as recited in claim 1, wherein
the one or more electromagnetic radiation detectors com-
prise one or more band pass optical filters configured to
separate the electromagnetic radiation into the two or more
wavelengths such that each wavelength is detected at the
respective separate portion of the one or more detectors.

14. The imaging apparatus as recited in claim 1, wherein
the ultrasound transducer comprises one of a piezoelectric
ultrasound transducer, a capacitive ultrasound transducer, an
ultrasonic scanning phase array, a laser photo-acoustic gen-
erator, or combinations thereof.

15. The imaging apparatus as recited in claim 1, wherein
the source of electromagnetic radiation operates in a con-
tinuous wave mode, an intensity modulated mode, or a
pulsed mode.

16. A method of imaging, comprising:

transmitting electromagnetic radiation at two or more
wavelengths through a region of interest;

modulating the electromagnetic radiation in the region of
interest using acoustic waves; and

detecting each wavelength of the electromagnetic radia-
tion on a respective separate portion of one or more
electromagnetic radiation detectors.

17-20. (canceled)

21. The method as recited in claim 16, comprising gen-
erating the acoustic waves via an ultrasound transducer.

22. The method of claim 16 comprising generating an
image using the detected electromagnetic radiation.

23. The method of claim 16 comprises generating an
image using the detected electromagnetic radiation and the
acoustic waves.

24. The method as recited in claim 16, wherein frequency
of the modulated radiation is linearly proportional to fre-
quency of the acoustic waves.

25. The method as recited in claim 16 comprising sepa-
rating the electromagnetic radiation into the two or more
wavelengths using one or more band pass filters.

26. The method as recited in claim 16, comprising sepa-
rating the two or more wavelengths of electromagnetic
radiation using a dichroic mirror assembly.

27. The method as recited in claim 16, comprising sepa-
rating the two or more wavelengths of electromagnetic
radiation using one or more prisms.

28. The method as recited in claim 16, further comprising
dynamically altering the frequency of the acoustic waves.

29. The method as recited in claim 16, further comprising
dynamically altering the two or more wavelengths of elec-
tromagnetic radiation.



US 2005/0256403 Al

30. A method of diagnosing a disorder, comprising:

detecting modulated electromagnetic radiation at two or
more substantially discrete wavelengths concurrently
transmitted through a tissue; and

calculating a difference in absorption of each wavelength
of the modulated electromagnetic radiation at different
locations in the tissue.

31. The method of claim 30, comprising diagnosing a
disorder based on the differences in absorption.

32. The method of claim 30, comprising generating an
image conveying the differences in absorption within the
tissue.

33. The method as recited in claim 30, comprising modu-
lating the electromagnetic radiation by directing ultrasound
waves at the tissue while transmitting electromagnetic radia-
tion at the two or more wavelengths through the tissue.
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34. The method as recited in claim 33, comprising gen-
erating an image based on the ultrasound waves.

35. The method as recited in claim 33, comprising gen-
erating an image based on the ultrasound waves and the
modulated electromagnetic radiation.

36. A method of using an imaging system, comprising:

operating an optical imaging subsystem configured to

concurrently emit electromagnetic radiation at two or
more substantially discrete wavelengths through an
imaging volume; and

operating an ultrasound transducer configured to direct

ultrasound waves through the imaging volume such
that electromagnetic radiation passing through the
imaging volume is modulated based on the frequency
of the ultrasound waves.

* ok %k
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