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(57) ABSTRACT

A system and method for intra-operatively providing ana-
tomical guidance in a diagnostic or therapeutic procedure is
disclosed. In embodiments, the system includes multiple light
sources configured to emit different frequencies, multiple
electronic imaging devices to detect various frequencies of
reflected, emitted, or scattered light. The system and method
incorporate an optical probe is integral to an endoscopic
device or a therapeutic laser system, optically coupled to a
light source; a display for displaying at least one visual rep-
resentation of data; and a controller programmed to generate
at least one real-time integrated visual representation of an
area of interest and to display the real-time visual represen-
tation on the display for guidance during the diagnostic or
therapeutic procedure.
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ADDITIONAL SYSTEMS AND METHODS
FOR PROVIDING REAL-TIME ANATOMICAL
GUIDANCE IN A DISGNOSTIC OR
THERAPEUTIC PROCEDURE

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of priority to
U.S. Provisional Application No. 61/412,984, filed Nov. 12,
2010, the disclosure of which is incorporated herein by ref-
erence in its entirety.

FIELD OF THE DISCLOSURE

[0002] The present disclosure generally relates to systems
and methods for intra-operatively providing guidance in a
diagnostic or therapeutic procedure.

BACKGROUND

[0003] In many areas of surgery, there is a need for ana-
tomical guidance and rapid pathology to be provided during a
diagnostic or therapeutic procedure. In the area of surgical
oncology, for example, there is a need to determine if a tumor
has been completely resected, such as by verifying that the
margin of resected tumor tissue is clear, without having to
wait for pathology to process the resected tissue to verify that
there are no remaining signs of cancerous growth in the
margin.

[0004] Similarly, medical and biomedical practices often
involve the visualization of human or other biological tissues
as a means of detecting pathology, including the detection of
cancer or pre-cancerous lesions. Such practices may include,
but are not limited to, physical examination, endoscopic
examinations or treatments, or procedures employing other
imaging technologies, such as radiography, fluoroscopy,
tomography, computerized tomography, magnetic resonance
studies, positron emission tomography, or nuclear medical
scans. Such imaging systems may detect abnormalities sug-
gestive of pathology like cancer, but lack a real-time, defini-
tive capacity to actually diagnose the presence (or absence) of
such pathology in real-time in the tissues examined. There-
fore, a heretofore unaddressed need still exists in the art to
address the aforementioned deficiencies and inadequacies.

SUMMARY

[0005] In one aspect, the present disclosure relates to a
system for intra-operatively providing anatomical guidance
in a diagnostic or therapeutic procedure. In one embodiment,
the system includes a first light source that is configured to
emit a beam of visible light to an area of interest of a living
subject and a second light source that is configured to emit a
beam of near-infrared light to the area of interest. The system
also includes a handheld probe that is optically coupled to the
second light source, and that includes an optical fiber that is
configured to deliver the emitted beam of near-infrared light
to illuminate the area of interest. The optical fiber is also
configured to collect light that is scattered or light that is
emitted from a contrast agent introduced into target tissues in
the area of interest, in response to illumination by the second
light source. A first electronic imaging device is also included
in the system. The first electronic imaging device is optically
coupled to the handheld probe and is configured to detect the
collected light and to generate a corresponding signal that
includes collected light data. The handheld probe is further
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configured to transmit the collected light to the first electronic
imaging device through the optical fiber. The system further
includes a second electronic imaging device that is configured
to detect visible light that is emitted from the area of interest
in response to illumination by the first light source, and to
generate a corresponding signal including visible light data. A
third electronic imaging device is also included in the system,
which is configured to detect near-infrared light having a first
predetermined wavelength that is emitted from the area of
interest, in response to illumination by the second light
source, and which is also configured to generate a corre-
sponding signal including a first set of near-infrared light
data. In addition, the system includes a fourth electronic
imaging device that is configured to detect near-infrared light
having a second predetermined wavelength that is different
from the first predetermined wavelength and that is emitted
from the area of interest, in response to illumination by the
second light source, and the fourth electronic imaging device
is also configured to generate a corresponding signal that
includes a second set of near-infrared light data. A display for
displaying at least one visual representation of data is further
included in the system. A speaker for producing at least one
auditory representation of the data can be further included in
the system if desired. Also, the system includes a controller
that is in communication with each of the first light source,
second light source, first electronic imaging device, second
electronic imaging device, third electronic imaging device,
fourth electronic imaging device, display, and speaker. The
controller is programmed to generate at least one real-time
integrated visual representation of the area of interest from
each of the collected light data, visible light data, first set of
near-infrared light data, and second set of near-infrared light
data, and to display at least one real-time visual representa-
tion on the display for guidance during the diagnostic or
therapeutic procedure.

[0006] In an embodiment, the contrast agent includes a
Raman probe and/or a fluorescence probe and the collected
light data includes Raman data and/or fluorescence data,
respectively. In this embodiment, the integrated visual repre-
sentation includes a wide-field image of the area of interest
that is generated from the visible light data, a laser excitation
image of a selected area of the area of interest that is defined
within the wide-field image and that is generated from at least
one of'the generated first set of near-infrared light data and the
generated second set of near-infrared light data, and a Raman
image generated from the Raman data and/or a fluorescence
image generated from the fluorescence data. The Raman
image and/or fluorescence image is defined within the wide-
field image and the laser excitation image, as an overlay
image on the laser excitation image.

[0007] In an embodiment, the first electronic imaging
device includes a spectrometer and each of the second elec-
tronic imaging device, third electronic imaging device, and
fourth electronic imaging device includes a CCD or CMOS
camera.

[0008] Inanotheraspect, the present disclosure relates to an
imaging system using integrated bright-field imaging, near-
infrared imaging, and Raman imaging and/or fluorescence
imaging for intra-operatively evaluating target tissues in an
area of interest of a living subject. In one embodiment, the
system includes a first light source for delivering a beam of
visible light to the area of interest and a second light source
for delivering a beam of near-infrared light to the area of
interest. The system also includes a Raman and/or fluores-
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cence imaging means that includes a handheld probe opti-
cally coupled to the second light source, for delivering the
near infrared light to illuminate target tissues of the area of
interest, and for collecting scattered light and/or emitted light
from a corresponding Raman probe and/or fluorescence
probe that is introduced into the target tissues and illuminated
by the second light source. The system further includes a first
electronic imaging device that is in communication with the
handheld probe, for obtaining Raman data and/or fluores-
cence data from the collected light. In this embodiment, the
first electronic imaging device includes a spectrometer. A
bright-field imaging means is also included in the system
according to this embodiment. The bright-field imaging
means includes: an optical port; a system lens including a
UV-NIR compact lens and a first achromatic correction lens;
a silver mirror; a first shortpass dichroic mirror and a second
shortpass dichroic mirror; a neutral density filter; a bandpass
filter; a longpass filter; a second achromatic lens, a third
achromatic lens, and a fourth achromatic lens; a second elec-
tronic imaging device for obtaining visible light data from
visible light emitted from the area of interest in response to
illumination by the first light source; a third electronic imag-
ing device for obtaining a first set of near-infrared data from
light having a first predetermined wavelength that is emitted
from the area of interest in response to illumination by the
second light source; and a fourth electronic imaging device
for obtaining a second set of near infrared data from light
having a second predetermined wavelength that is different
from the first predetermined wavelength and that is emitted
from the area of interest in response to illumination by the
second light source. Each of the second electronic imaging
device, third electronic imaging device, and fourth electronic
imaging device include a CCD or CMOS camera.

[0009] In an embodiment, the optical port and the first
electronic imaging device define a first optical path between
them that includes the silver mirror, the first shortpass dich-
roic mirror, the second shortpass dichroic mirror, and the
second achromatic lens, where the optical port and the second
electronic imaging device define a second optical path
between them that includes the silver mirror, first shortpass
dichroic mirror, second shortpass dichroic mirror, neutral
density filter, and third achromatic lens. The optical port and
the third electronic imaging device define a third optical path
between them that includes the silver mirror, first shortpass
dichroic mirror, longpass filter, bandpass filter, and fourth
achromatic lens. The system of this embodiment also
includes a display for displaying at least one visual represen-
tation of data, and a controller in communication with each of
the first light source, second light source, first electronic
imaging device, second electronic imaging device, third elec-
tronic imaging device, fourth electronic imaging device, and
display. The controller is programmed for generating in real-
time an integrated visual representation of the area of interest
from the collected light data, first set of near-infrared data,
second set of near-infrared data, and displaying the integrated
visual representation on the display, to provide guidance for
performing a diagnostic or therapeutic procedure.

[0010] In an embodiment, the real-time integrated visual
representation of the area of interest includes a wide-field
image of the area of interest generated from the visible light
data, a laser excitation image of a predetermined area defined
within the wide-field image that is generated from the first set
of near-infrared data and/or the second set of near-infrared
data, and a Raman image and/or fluorescence image that is
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defined within the laser excitation image and that is generated
from corresponding Raman data and/or fluorescence data.
The Raman image and/or fluorescence image is an overlay
image on the laser excitation image.

[0011] In an embodiment, the real-time aural representa-
tion of the area of interest includes one of either a tone or a
series of “clicks”, having a tone with frequency representative
of'alevel of the signal exceeding a predefined threshold level,
or having a series of clicks with rate representative of a level
of the signal exceeding a predefined threshold level, gener-
ated from at least one of a Raman image and a fluorescence
image that is generated from a corresponding at least one of
the Raman data and fluorescence data. The Raman data and/
or fluorescence data is represented by the signal that, when
exceeding a predefined threshold level, signifies disease in the
target tissues.

[0012] Inanembodiment, the at least one integrated visual
representation of the area of interest includes a wide-field
image of the area of interest generated from the visible light
data, a laser excitation image of a predetermined area defined
within the wide-field image that is generated from at least one
of the first set of near-infrared data and the second set of
near-infrared data, and at least one of a Raman image and a
fluorescence image that is generated from a corresponding at
least one of the Raman data and fluorescence data. The laser
excitation image is an overlay image on the wide-field image
and represents the location of the delivered beam of near-
infrared light within the area of interest. The Raman data
and/or fluorescence data is represented by a signal that, when
exceeding a predefined threshold level, signifies disease in the
target tissues.

[0013] Further, the Raman image and/or the fluorescence
image is a color overlay image on the laser excitation image,
having an opacity representative of the level of the signal
exceeding the predefined threshold level, and the opacity of
the color overlay image decays over time to be progressively
more translucent relative to the laser excitation image.
[0014] In yet another aspect, the present disclosure relates
to a method for intra-operatively providing anatomical guid-
ance in a diagnostic or therapeutic procedure. In one embodi-
ment, the method includes the steps of introducing at least one
contrast agent into target tissues in an area of interest of a
living subject, and the step of emitting a beam of visible light
to the area of interest, using a first light source. The method
also includes the step of emitting a beam of near-infrared light
to the area of interest, using a second light source, and the step
of delivering the emitted beam of near-infrared light to illu-
minate the area of interest, using an optical fiber of'a handheld
probe that is optically coupled to the second light source. In
addition, the method includes the step of collecting scattered
light and/or emitted light from the contrast agent in response
to illumination by the second light source, using the optical
fiber of the handheld probe. The contrast agent includes a
Raman probe and/or a fluorescence probe. Further, the
method includes the step of detecting the collected light and
generating a corresponding signal that includes collected
light data, using a first electronic imaging device that is opti-
cally coupled to the optical fiber, where the optical fiber is
further configured to deliver the collected light to the first
electronic imaging device. The method also includes the step
of detecting visible light that is emitted from the area of
interest in response to illumination by the first light source
and generating a corresponding signal comprising visible
light data, using a second electronic imaging device, and the
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step of detecting near-infrared light having a first predeter-
mined wavelength that is emitted from the area of interest in
response to illumination by the second light source and gen-
erating a corresponding signal that includes a first set of
near-infrared light data, using a third electronic imaging
device. Still further, the method includes the step of detecting
near-infrared light having a second predetermined wave-
length that is different from the first predetermined wave-
length and that is emitted from the area of interest in response
to illumination by the second light source, and generating a
corresponding signal that includes a second set of near-infra-
red light data, using a fourth electronic imaging device, and
the step of generating at least one real-time integrated visual
representation of the area of interest from the collected light
data, visible light data, first set of near-infrared data, and
second set of near-infrared data, using a controller that is in
communication with each of the first electronic imaging
device, second electronic imaging device, third electronic
imaging device, and fourth electronic imaging device.
[0015] The method also includes the step of displaying the
real-time integrated visual representation generated by the
controller, for guidance during a diagnostic or therapeutic
procedure, using a display that is in communication with the
controller. The method also includes the step of producing a
real-time auditory representation generated by the controller,
for guidance during a diagnostic or therapeutic procedure,
using a speaker that is in communication with the controller.
[0016] In an embodiment, the step of generating the real-
time integrated visual representation of the area of interest
includes the steps of generating a wide-field image of the area
of interest from the visible light data, generating a laser exci-
tation image of a selected area of the area of interest that is
defined within the wide-field image, from the first set of
near-infrared light data and/or the second set of near-infrared
light data, and generating a Raman image and/or a fluores-
cence image from the collected light data that is defined
within the wide-field image and the laser excitation image.
The Raman image and/or fluorescence image is an overlay
image on the laser excitation image.

[0017] In an embodiment, the first electronic imaging
device includes a spectrometer, and each of the second elec-
tronic imaging device, third electronic imaging device, and
fourth electronic imaging device includes a CCD or CMOS
camera.

[0018] In yet another aspect, the present disclosure relates
to software stored on a computer-readable medium that is
programmed for causing a controller to perform functions for
intra-operatively providing anatomical guidance in a diag-
nostic or therapeutic procedure. In one embodiment, the func-
tions include causing a first light source in communication
with the controller to emit a beam of visible light to an area of
interest of a living subject, causing a second light source
optically coupled to an optical fiber and in communication
with the controller to emit a beam of near-infrared light to the
area of interest through the optical fiber, and causing the
optical fiber of the handheld probe to collect light scattered
from a Raman probe and/or light emitted from fluorescence
probe, in response to illumination by the second light source.
The Raman probe and/or fluorescence probe is introduced
into the target tissues in the area of interest. The functions also
include causing a first electronic imaging device that is in
communication with the controller and the optical fiber to
detect the collected light, and causing the first electronic
imaging device to generate a signal from the collected light

May 17, 2012

that includes Raman data and/or fluorescence data. Further,
the functions include causing a second electronic imaging
device that is in communication with the controller to detect
visible light that is emitted from the area of interest in
response to illumination by the first light source, causing the
second electronic imaging device to generate a corresponding
signal comprising visible light data, causing a third electronic
imaging device that is in communication with the controller
to detect near-infrared light having a first predetermined
wavelength that is emitted from the area of interest in
response to illumination by the second light source, and caus-
ing the third electronic imaging device to generate a corre-
sponding signal that includes a first set of near-infrared light
data.

[0019] In addition, the functions include causing a fourth
electronic imaging device that is in communication with the
controller to detect near-infrared light having a second pre-
determined wavelength that is different from the first prede-
termined wavelength and that is emitted from the area of
interest in response to illumination by the second light source,
and causing the fourth electronic imaging device to generate
a corresponding signal that includes a second set of near-
infrared light data. Further, the functions include generating
at least one real-time integrated visual representation of the
area of interest from the visible light data, first set of near-
infrared data, second set of near-infrared data, and from the
Raman data and/or fluorescence data, and causing a display in
communication with the controller to display the generated
real-time integrated visual representation for guidance during
a diagnostic or therapeutic procedure.

[0020] In an embodiment, the function of generating the
real-time integrated visual representation of the area of inter-
est includes the steps of generating a wide-field image of the
area of interest from the visible light data, generating a laser
excitation image of a selected area of the area of interest that
is defined within the wide-field image from the first set near-
infrared light data and/or the second set of near-infrared light
data, and generating a Raman image from the Raman data
and/or a fluorescence image from the fluorescence data, that
is defined within the wide-field image and the laser excitation
image.

[0021] In an embodiment, the Raman image and/or fluo-
rescence image is an overlay image on the laser excitation
image. The first electronic imaging device includes a spec-
trometer, and each of the second electronic imaging device,
third electronic imaging device, and fourth electronic imag-
ing device includes a CCD or CMOS camera.

[0022] In yet another aspect, the present disclosure relates
to a method for intra-operatively identifying disease in target
tissues in an area of interest of a living subject, to be resected
in a diagnostic or therapeutic procedure. In one embodiment,
the method includes the step of introducing a Raman probe
and/or a fluorescence probe into the area of interest until the
probe has accumulated in the target tissues, the step of pre-
paring the living subject and the area of interest for a diag-
nostic or therapeutic procedure, and the step of initializing an
imaging system for integrated bright-field imaging, near-in-
frared imaging, and Raman imaging and/or fluorescence
imaging. The method also includes the step of beginning the
diagnostic or therapeutic procedure in the area of interest, the
step of using a first real-time integrated visual representation
ofthe area of interest and the target tissues that is generated by
the imaging system to identify a boundary of the target tissues
that are diseased, and the step of performing a surgical resec-
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tion of the identified diseased target tissues within the bound-
ary. Further, the method includes the steps of, after the surgi-
cal resection, using a second displayed real-time integrated
visual representation of the area of interest and the target
tissues, generated by the imaging system, to identify any
remaining diseased target tissues within the boundary, and if
any remaining diseased target tissues are identified, perform-
ing a series of further surgical resections on identified remain-
ing diseased target tissues corresponding to a respective
series of real-time integrated visual representations generated
by the imaging system, until the area of interest is free from
diseased target tissues. Further, the method includes the steps
of, after the surgical resection, using a third displayed real-
time integrated visual representation of specimen of the sur-
gical resection, generated by the imaging system, to identify
diseased target tissues within the specimen of the surgical
resection, and if any diseased target tissues are identified,
marking the diseased areas with a visual aid such that they can
be later analyzed by pathologic practice.

[0023] In an embodiment, the imaging system includes a
first light source that is configured to emit a beam of visible
light to an area of interest of a living subject and a second light
source that is configured to emit a beam of near-infrared light
to the area of interest. The system also includes a handheld
probe that is optically coupled to the second light source, and
that includes an optical fiber that is configured to deliver the
emitted beam of near-infrared light to illuminate the area of
interest and that is also configured to collect light that is
scattered or light that is emitted from a contrast agent intro-
duced into target tissues in the area of interest, in response to
illumination by the second light source. A first electronic
imaging device is also included in the system. The first elec-
tronic imaging device is optically coupled to the handheld
probe and is configured to detect the collected light and to
generate a corresponding signal that includes collected light
data. The handheld probe is further configured to transmit the
collected light to the first electronic imaging device through
the optical fiber. The system further includes a second elec-
tronic imaging device that is configured to detect visible light
that is emitted from the area of interest in response to illumi-
nation by the first light source, and to generate a correspond-
ing signal including visible light data. A third electronic
imaging device is also included in the system, which is con-
figured to detect near-infrared light having a first predeter-
mined wavelength that is emitted from the area of interest, in
response to illumination by the second light source, and
which is also configured to generate a corresponding signal
including a first set of near-infrared light data. In addition, the
system includes a fourth electronic imaging device that is
configured to detect near-infrared light having a second pre-
determined wavelength that is different from the first prede-
termined wavelength, and that is emitted from the area of
interest in response to illumination by the second light source.
The fourth electronic imaging device is also configured to
generate a corresponding signal that includes a second set of
near-infrared light data. A display for displaying at least one
visual representation of data is further included in the system.
Also, the system can include a controller that is in communi-
cation with each of the first light source, second light source,
first electronic imaging device, second electronic imaging
device, third electronic imaging device, fourth electronic
imaging device, display, and speaker. The controller is pro-
grammed to generate at least one real-time integrated visual
representation of the area of interest from each of the col-
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lected light data, visible light data, first set of near-infrared
light data, and second set of near-infrared light data, and to
display the at least one real-time visual representation on the
display for guidance during the diagnostic or therapeutic
procedure, and to emit through the speaker an auditory rep-
resentation of one set of near-infrared light data for guidance
during the diagnostic or therapeutic procedure.

[0024] Inanembodiment ofthe method, each of'the steps of
identifying diseased target tissues from the displayed visual
representation includes identifying visual representations of
the emitted laser excitation light and visual representations of
the collected light data that are displayed in a selected area of
the visual representation.

[0025] In one embodiment, the step of identifying the
boundary of the target tissues that are diseased and the step of
identifying any remaining diseased target tissues within the
boundary includes identifying visual representations of the
first set of near-infrared light data, second set of near-infrared
light data, and collected light data that are displayed in a
selected area of the integrated visual representation. The
visual representation of the first set of near-infrared data and
second set of near-infrared datais a laser excitation image that
represents the location of the delivered beam of near-infrared
light within the area of interest, and that is displayed as a color
overlay image on the wide-field image.

[0026] The signal representing the collected light data that
is generated by the first electronic imaging device, when
exceeding a predetermined threshold level, signifies disease
in the target tissues. The visual representation of the collected
light data is a color overlay image on the laser excitation
image, having an opacity representative of the level of the
signal exceeding the predefined threshold level. The opacity
of the color overlay image that represents the collected light
data decays over time to be progressively more translucent
relative to the laser excitation image. The auditory represen-
tation of the collected light data can be one of either a tone or
aseries of ““clicks”, for example, having a tone with frequency
representative of the level of the signal exceeding the pre-
defined threshold level, or having a series of clicks with rate
representative of the level of the signal exceeding the pre-
defined threshold level.

[0027] Yet further embodiments include devices and meth-
ods of manufacture and use for the imaging system using
integrated bright-field imaging, near-infrared imaging, and
Raman imaging and/or fluorescence imaging for evaluating
target tissues as described herein in real-time combination
with an optical system, including, but not limited to, endo-
scopes, colonoscopes, microscopes, surgical microscopes,
arthroscopes, laparoscopes thoracoscopes, mediastinan
endoscopes, hysteroscopes, cyctoscopes, ureteroscopes, ste-
reomicroscopes, colposcopes, fiber-optical systems, and
rigid optical systems.

[0028] Still embodiments include devices and methods of
manufacture and use for the imaging system using integrated
bright-field imaging, near-infrared imaging, and Raman
imaging and/or fluorescence imaging for evaluating target
tissues as described herein in real-time combination for con-
current use with therapeutic laser systems.

[0029] These and other aspects of the disclosure will
become apparent from the following description of the pre-
ferred embodiments, taken in conjunction with the following
drawings, although variations and modifications therein may
be affected without departing from the spirit and scope of the
novel concepts of the disclosure. Aspects of this disclosure
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are provided in US Patent Application Publication No.
US2011/0152692 and WO 2011/084528, and in U.S. Provi-
sional Application No. 61/412,984, all of which are incorpo-
rated herein by reference in their entireties.

BRIEF DESCRIPTION OF THE DRAWINGS

[0030] The accompanying drawings illustrate one or more
embodiments and together with the written description, serve
to explain the principles of this disclosure. Wherever pos-
sible, the same reference numbers are used throughout the
drawings to refer to the same or like elements of an embodi-
ment, and wherein the following illustrations are provided.
[0031] FIG. 1A shows schematically a system for intra-
operatively providing anatomical guidance in a diagnostic or
therapeutic procedure, using a hand-held optical probe,
according to an embodiment. As disclosed, the optical probe
can be integral to an endoscopic device or a therapeutic laser
system.

[0032] FIG. 1B shows schematically another view of the
system according to the embodiment shown in FIG. 1A.
[0033] FIG. 2 is a flow chart illustrating the steps of a
method for intra-operatively providing anatomical guidance
in a diagnostic or therapeutic procedure, using the system
according to the disclosed embodiment shown in FIGS. 1A
and 1B.

[0034] FIG. 3 schematically shows optical beam paths ofan
optical device such as the handheld spectroscopic pen device
in operation, according to one embodiment of the present
invention.

[0035] FIG. 4 schematically shows a system for wave-
length-resolved fluorescence and Raman measurements,
according to one embodiment of the present disclosure.
[0036] FIG. Sillustrates Raman spectra obtained for a stan-
dard sample (polystyrene), according to one embodiment of
the present disclosure.

[0037] FIG. 6A illustrates fluorescence spectra obtained for
various concentrations of contrast agents, according to one
embodiment of the present disclosure.

[0038] FIG. 6B illustrates Raman spectra obtained for vari-
ous concentrations of contrast agents, according to one
embodiment of the present disclosure.

[0039] FIG. 7A illustrates fluorescence spectra obtained
before background signal subtraction (upper panel) and after
background signal subtraction (lower panel), according to
one embodiment of the present disclosure.

[0040] FIG. 7B illustrates Raman spectra obtained before
background signal subtraction (upper panel) and after back-
ground signal subtraction (lower panel), according to one
embodiment of the present disclosure.

[0041] FIG. 8 schematically shows a system for performing
tissue penetration depth studies of near-infrared fluorescent
and SERS contrast agents, according to one embodiment of
the present disclosure.

[0042] FIG. 9A illustrates indocyanine green (ICG) signals
as a function of placement depth of contrast agents in fresh
fat, liver, and lung tissue, according to one embodiment of the
present disclosure.

[0043] FIG. 9B illustrates SERS signals as a function of
placement depth of contrast agents in fresh fat, liver, and lung
tissue, according to one embodiment of the present disclo-
sure.
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[0044] FIG. 10A shows a bright-field image identifying
anatomical locations of a primary tumor and two satellite
nodules (dashed circles), according to one embodiment of the
present disclosure.

[0045] FIG. 10B shows a bioluminescence image of a
mouse, identifying the primary and satellite tumors (red sig-
nals), according to one embodiment of the present disclosure.
[0046] FIG. 11 illustrates indocyanine green (ICG) signal
intensities detected at various locations identified in FIGS.
10A and 10B.

[0047] FIG. 12A shows a bright-field image identifying a
resected tumor (yellow dashed lines) and surgical cavity
(cyan dashed line), obtained by detection of positive and
negative tumor margins, with a region having a residual tumor
along the margin of the cavity, as detected by its signal inten-
sity, according to one embodiment of the present disclosure.
[0048] FIG.12B showsa bioluminescent image identifying
aresected tumor (yellow dashed lines) and the surgical cavity
(cyan dashed line), where spectra obtained within the excised
tumor are shown in red, those in the surgical cavity are shown
in cyan, and one on the margin of the surgical cavity is shown
by a white arrowhead, according to one embodiment of the
present disclosure.

[0049] FIG. 13 illustrates averaged spectra from tumors
and positive and negative margins, according to one embodi-
ment of the present disclosure.

[0050] FIG. 14 illustrates one method of coupling the wide-
field camera system to a fiberscope or borescope, utilizing,
for example, an optomechanical coupler.

[0051] FIGS. 15 and 16 illustrate methods and embodi-
ments for integrating a widefield camera system with a video
endoscope utilizing a miniaturized system such that it can fit
within the tip of a video endoscope and incorporating, for
example, a multispectral camera sensor in a video endoscope.
[0052] FIG. 17 provides a Flowchart Key that serves as a
reference for FIGS. 18-27 in the discussion of the software
and processing aspects of this example.

[0053] FIG. 18 provides a flowchart for a software startup
method (200) as disclosed in the examples.

[0054] FIG. 19 provides a flowchart for a main program
loop (210) as disclosed in the examples.

[0055] FIG. 20 provides a flowchart for a display mode
selector component of image processing (220) as disclosed in
the examples.

[0056] FIG. 21 provides a flowchart for determining the
amount of probe in the recorded spectrum component of
image processing (230) as disclosed in the examples.

[0057] FIG. 22 provides a flowchart for finding the laser
position component of image processing (240) as disclosed in
the examples.

[0058] FIG. 23 provides a flowchart for finding NIR probe
position component of image processing (250) as disclosed in
the examples.

[0059] FIG. 24 provides a flowchart for creating a compos-
ite display component of image processing (260) as disclosed
in the examples.

[0060] FIG. 25 provides a flowchart for the “age” probe
buffer (for Virtual Phosphorescence) component of image
processing (270) as disclosed in the examples.

[0061] FIG. 26 illustrates a flowchart of the processing
algorithm for the Virtual Phosphorescence (VP) component
of' image processing as disclosed in the examples.

[0062] FIG. 27 provides a flowchart for one embodiment
for using the disclosed therapeutic laser system.
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[0063] FIG. 28 provides an image of the jejunum lumen
from Apc™™*. The intestinal segment was cut lengthwise so
it can be placed flat on the dissection pad for imaging.
[0064] FIG. 29 illustrates signal intensity data from the GI
tract of mouse injected with 2 mg/kg indocyanine green
(ICG) intravenously. Closed circles represent individual pol-
yps and background measurements and open squares are the
average values for the background or polyps in the corre-
sponding intestinal section. In each of the four sets (pairs) of
measurements, the black or left hand set of data represents
background measurements and red or right hand set of data
represents polyp measurements.

[0065] FIG. 30 demonstrates how indocyanine green (ICG)
emission spectra from background (blue or left curve) and
polyp (red or right curve) can saturate the detector at the dose
used for the study of the intestinal lumen from Apc™”*
described in the examples. This feature can alter the signal
calculated for a given background or polyp measurement.
[0066] FIG. 31 illustrates signal intensity data from the GI
tract or mouse injected with 2 mg/kg indocyanine green
(ICG) Intraperitoneally. Closed circles represent individual
polyps background measurements and open squares are the
average values for the background or polyps in the corre-
sponding intestinal section. In each set of measurements, the
black or left hand set of data represents background measure-
ments and red or right hand set of data represents polyp
measurements.

[0067] FIG. 32 Signal Intensity data from various sections
of the GI tract of mouse injected with indocyanine green
(ICG) either intraperitoneally (red, top line) or Intravenously
(black, lower line).

[0068] FIG. 33 (Left) Photograph of colon in Apc™”*
mouse. A lymph node was also observed in close proximity to
the polyp. (Right, top) Imaging provided by the integrated
Imaging and local, focused excitation system shows no con-
trast enhancement in the healthy colon and strong contrast
enhancement (blue false color) in the lymph node and polyp.
(Right, bottom) Spectra from the background, lymph node,
and polyp, recorded with the SpectroPen show at least a 5 fold
greater signal from the polyp compared to the background.

DETAILED DESCRIPTION

[0069] The materials, compositions, articles, devices, and
methods described herein may be understood more readily by
reference to the following detailed description of specific
aspects of the disclosed subject matter, and methods and the
Examples included therein and to the Figures and their pre-
vious and following description.

[0070] The following examples are intended as illustrative
only because numerous modifications and variations therein
will be apparent to those skilled in the art. Various embodi-
ments are now described in detail. Referring to the drawings,
like numbers indicate like components throughout the views.
As used in the description herein and throughout the claims
that follow, the meaning of “a”, “an”, and “the” includes
plural reference unless the context clearly dictates otherwise.
Also, as used in the description herein and throughout the
claims that follow, the meaning of “in” includes “in” and “on”
unless the context clearly dictates otherwise.

[0071] As usedherein, the terms, “diagnostic procedure” or
“therapeutic procedure,” encompass any medical or surgical
procedure that involves the visualization of tissue surfaces or
interior or exterior structures of a subject. These medical or
surgical procedures may include but are not limited to, physi-
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cal examination, open surgical, minimally invasive surgical,
endoscopy, colonoscopy, colposcopy, bronchoscopy, thora-
coscopy, laryngoscopy, laparoscopy, arthroscopy, cystos-
copy, ureteroscopy, in-vivo or ex-vivo microscopy. Further,
as used herein, the terms “intra-operatively” and “intra-op-
erative” shall mean during the course of or within the context
of any such diagnostic or therapeutic procedure.

[0072] The description will be made as to the embodiments
in conjunction with the accompanying drawings in the fig-
ures.

[0073] Now referring to FIGS. 1A and 1B, in one aspect,
the present disclosure relates to a system for intra-operatively
providing anatomical guidance in a diagnostic or therapeutic
procedure. With reference to FIGS. 1A and 1B, Chart 1 pro-
vides a typical parts list for the fundamental systems and
methods for providing read-time anatomical guidance in a
diagnostic or therapeutic procedure.

[0074] The system may include a first light source 100 that
is configured to emit a beam of visible light to an area of
interest 134 of aliving subject, and a second light source 102a
that is configured to emit a beam of near-infrared light to the
area of interest 134. The system may also include a handheld
probe 104. The handheld probe 104 may be optically coupled
to the second light source 102a and may include an optical
fiber 106 configured to deliver the emitted beam of near-
infrared light to illuminate the area of interest 134. The optical
fiber 106 may also be configured to collect light that is scat-
tered 140q and/or or light that is emitted 1405 from a contrast
agent 132a/132b introduced into target tissues in the area of
interest 134, in response to illumination by the second light
source 102a.

[0075] The first electronic imaging device 1025 may be
optically coupled to the handheld probe 104 and may be
configured to detect the collected light 1404/14056 and to
generate a corresponding signal that includes collected light
data. The handheld probe 104 may be further configured to
transmit the collected light 140a/1405 to the first electronic
imaging device 1025 through the optical fiber 106.

[0076] The second electronic imaging device 126 may be
configured to detect visible light 138 that is emitted from the
area of interest 134 in response to illumination by the first
light source 100, and to generate a corresponding signal that
includes visible light data. The third electronic imaging
device 122a may be configured to detect near-infrared light
1424 having a first predetermined wavelength that is emitted
from the area of interest 134, in response to illumination by
the second light source 102a and may also be configured to
generate a corresponding signal that includes a first set of
near-infrared light data. The fourth electronic imaging device
1225 may be configured to detect near-infrared light 1424
having a second predetermined wavelength that is different
from the first predetermined wavelength and that is emitted
from the area of interest 134, in response to illumination by
the second light source 102a. The fourth electronic imaging
device 1225 may also be configured to generate a correspond-
ing signal that includes a second set of near-infrared light
data.

[0077] The system may also include a display 144 for dis-
playing at least one visual representation of data. Also, the
system may include a controller 130 that is in communication
with each of the first light source 100, the second light source
1024, the first electronic imaging device 1025, the second
electronic imaging device 126, the third electronic imaging
device 122a, the fourth electronic imaging device 1224, and
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the display 144. The controller 130 may be programmed to
generate at least one real-time integrated visual representa-
tion 146 of the area of interest 134 from each of the collected
light data, visible light data, first set of near-infrared light
data, and second set of near-infrared light data, and to display
the visual representation on the display 144 for guidance
during the diagnostic or therapeutic procedure.

[0078] Insomeembodiments, the contrastagent132a/132b
may include a Raman probe 1324 and/or a fluorescence probe
132b and the collected light data may include Raman data
and/or fluorescence data, respectively. The integrated visual
representation 146 may include a widefield image 1464 of the
area of interest 134 that is generated from the visible light
data, and a laser excitation image 146a of a selected area of
the area of interest 134 that is defined within the wide-field
image 146d. The laser excitation image 146a may be gener-
ated from at least one of the generated first set of near-infrared
light data and the generated second set of near-infrared light
data, and from a Raman image 1465 generated from the
Raman data and/or a fluorescence image 146¢ generated from
the fluorescence data. The Raman image 1464 and/or fluo-
rescence image 146¢ may be defined within the wide-field
image 1464 and the laser excitation image 146a, as an overlay
image on the laser excitation image 146a.

[0079] The first electronic imaging device 1024 may
include a spectrometer and each of the second electronic
imaging device 126, third electronic imaging device 1224,
and fourth electronic imaging device 1226 may include a
CCD or CMOS camera.

[0080] In another aspect, the disclosure relates to an imag-
ing system using integrated bright-field imaging, near-infra-
red imaging, and Raman imaging and/or fluorescence imag-
ing, for intra-operatively evaluating target tissues in an area of
interest 134 of a living subject. The system may include a first
light source 100 for delivering a beam of visible light to the
area of interest 134 and a second light source 102a for deliv-
ering a beam of near-infrared light to the area of interest 134.
The system may also include a Raman imaging means and/or
fluorescence imaging means that may include a handheld
probe 104 optically coupled to the second light source 102a,
for delivering the near infrared light to illuminate target tis-
sues of the area of interest 134, and for collecting scattered
light 140a and/or emitted light 14056 from a corresponding
Raman probe 132a and/or fluorescence probe 1325 that is
introduced into the target tissues and illuminated by the sec-
ond light source 102a. The system may further include a first
electronic imaging device 1025 that is in communication with
the handheld probe 104, for obtaining Raman data and/or
fluorescence data from the collected light 140a/1405. The
first electronic imaging device 10256 may include a spectrom-
eter.

[0081] A bright-field imaging means may also be included
in the system. The bright-field imaging means may include:
an optical port 150; a system lens 108/110a that may include
a UV-NIR compact lens 108 and a first achromatic correction
lens 110a; a silver mirror 112; a first dichroic mirror 114a and
a second dichroic mirror 116a; a first shortpass filter 1145 and
a second shortpass filter 1165; a neutral density filter 124; a
bandpass filter 120; a longpass filter 118; a second achromatic
lens 11054, a third achromatic lens 110¢, and a fourth achro-
matic lens 110c¢; a second electronic imaging device 126 for
obtaining visible light data from visible light 138 emitted
from the area of interest 134 in response to illumination by the
first light source 100; a third electronic imaging device 122a
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for obtaining a first set of near-infrared data from light 142a
having a first predetermined wavelength that is emitted from
the area of interest 134 in response to illumination by the
second light source 102a; and a fourth electronic imaging
device 1225 for obtaining a second set of near infrared data
from light 1425 having a second predetermined wavelength
that is different from the first predetermined wavelength and
that is emitted from the area of interest 134 in response to
illumination by the second light source 102a. Each of the
second electronic imaging device 126, third electronic imag-
ing device 122a, and fourth electronic imaging device 1226
may include a CCD or CMOS camera.

[0082] In some embodiments, the optical port 150 and the
first electronic imaging device 1025 may define a first optical
path between them that includes the silver mirror 112, the first
dichroic mirror 114a, the second dichroic mirror 116a, and
the second achromatic lens 1105. The optical port 150 and the
second electronic imaging device 126 may define a second
optical path between them that includes the silver mirror 112,
first dichroic mirror 114a, second dichroic mirror 1164, neu-
tral density filter 124, and third achromatic lens 110c. The
optical port 150 and the third electronic imaging device 122a
may define a third optical path between them thatincludes the
silver mirror 112, first dichroic mirror 114a, longpass filter
118, bandpass filter 120, and fourth achromatic lens 110c.
The system may also include the display 144 for displaying at
least one visual representation 146 of data, and the controller
130 in communication with each of the first light source 100,
second light source 102a, first electronic imaging device
1025, second electronic imaging device 126, third electronic
imaging device 122a, fourth electronic imaging device 1225,
and display 144.

[0083] The controller may be any controller now known or
later developed. For example, the controller may be, but is not
limited to, a central processing unit, a processor, or a micro-
processor. The controller may be coupled directly or indi-
rectly to memory elements. The controller may also be a
central processing unit or a processor of a machine, such as a
conventional or general-purpose computer, that is capable of
executing machine-executable instructions. The computer
may also include a random-access memory (RAM), a read-
only memory (ROM), and I/O devices to which the controller
may be coupled. The controller 130 may be programmed to
generate in real-time an integrated visual representation 146
ofthe area of interest 134 from the collected light data, visible
light data, first set of near-infrared data, and second set of
near-infrared data. The controller 130 may also be pro-
grammed to display the integrated visual representation 146
on the display 144, to provide guidance for performing a
diagnostic or therapeutic procedure.

[0084] In some embodiments, the real-time integrated
visual representation 146 of the area of interest 134 may
include a wide-field image 1464 of the area of interest 134
that is generated from the visible light data, a laser excitation
image 146a of a predetermined area defined within the wide-
field image 1464 that is generated from the first set of near-
infrared data and/or the second set of near-infrared data, and
a Raman image 1465 and/or fluorescence image 146¢ that is
defined within the laser excitation image 1464 and that is
generated from corresponding Raman data and/or fluores-
cence data. The Raman image 1465 and/or fluorescence
image 146¢ may be an overlay image on the laser excitation
image 146a.
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[0085] In yet another aspect, the present disclosure relates
to a method for intra-operatively providing anatomical guid-
ance in a diagnostic or therapeutic procedure. The method
may include the steps of introducing at least one contrast
agent 132a/13254 into target tissues in an area of interest 134
of a living subject, and the step of emitting a beam of visible
light to the area of interest 134, using a first light source 100.
The method may also include the step of emitting a beam of
near-infrared light to the area of interest 134, using a second
light source 102a, and the step of delivering the emitted beam
of near-infrared light to illuminate the area of interest 134,
using an optical fiber 106 of a handheld probe 104 that is
optically coupled to the second light source 102a. In addition,
the method may include the step of collecting scattered light
140a and/or emitted light 1405 from the contrast agent 132a/
1325 in response to illumination by the second light source
102a, using the optical fiber 106 of the handheld probe 104.
The contrast agent 1324/1325 may include a Raman probe
132a and/or fluorescence probe 1325b. Further, the method
may include the step of detecting the collected light 1404/
14056 and generating a corresponding signal that includes
collected light data, using a first electronic imaging device
1025 optically coupled to the optical fiber 106. The optical
fiber 106 may be further configured to deliver the collected
light 140a/1405 to the first electronic imaging device 1024.

[0086] The method may also include the steps of detecting
visible light 138 that is emitted from the area of interest 134
in response to illumination by the first light source 100 and
generating a corresponding signal that includes visible light
data, using a second electronic imaging device 126. Further,
the method may also include the steps of detecting near-
infrared light 142a having a first predetermined wavelength
that is emitted from the area of interest 134 in response to
illumination by the second light source 102a and generating a
corresponding signal that includes a first set of near-infrared
light data, using a third electronic imaging device 122a. Still
further, the method may include the steps of detecting near-
infrared light 14256 having a second predetermined wave-
length that is different from the first predetermined wave-
length and that is emitted from the area of interest 134 in
response to illumination by the second light source, and gen-
erating a corresponding signal including a second set of near-
infrared light data, using a fourth electronic imaging device
1225. In addition, the method may include the step of gener-
ating at least one real-time integrated visual representation
146 of the area of interest 134 from the collected light data,
visible light data, first set of near-infrared data, and second set
of near-infrared data, using a controller 130 that is in com-
munication with each of the first electronic imaging device
1025, second electronic imaging device 126, third electronic
imaging device 1224, and fourth electronic imaging device
1225b. The method may further include the step of displaying
the real-time integrated visual representation 146 generated
by the controller 130, for guidance during a diagnostic or
therapeutic procedure, using a display 144 that is in commu-
nication with the controller 130.

[0087] The step of generating the real-time integrated
visual representation 146 of the area of interest 134 may
include the steps of generating a wide-field image 1464 of the
area of interest 134 from the visible light data, generating a
laser excitation image 1464 of a selected area of the area of
interest 134 that is defined within the wide-field image 1464,
from the first set of near-infrared light data and/or the second
set of near-infrared light data, and generating a Raman image
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140a and/or a fluorescence image 1406 from the collected
light data, that is defined within the wide-field image 1464
and the laser excitation image 146a. The Raman image 140a
and/or fluorescence image 1405 may be an overlay image on
the laser excitation image 146a.

[0088] Insomeembodiments, one or more contrast agents
may be selected for desired tissue responses to allow for a
multiplexed system that can simultaneously identify and dis-
play fluorescence in differing types of tissues or pathology.
Thus, by selecting the appropriate contrast agent, a user could
simultaneously and in real-time screen a targeted tissue for
various types of cancer or other cellular pathologies.

[0089] In further embodiments, the first electronic imaging
device 1025 may include a spectrometer, and each of the
second electronic imaging device 126, third electronic imag-
ing device 1224, and fourth electronic imaging device 1226
may include a CCD or CMOS camera.

[0090] In yet another aspect, the present disclosure relates
to software stored on a computer-readable medium pro-
grammed for causing the controller 130 to perform functions
for intra-operatively providing anatomical guidance in a diag-
nostic or therapeutic procedure. A computer-readable
medium may be any computer-readable medium now known
or later developed. For example, the computer-readable
medium may be any apparatus that may include, store, com-
municate, propagate, or transport the program for use by or in
connection with the controller. The computer-readable
medium may be electronic, magnetic, optical, electromag-
netic, or infrared. Examples of a computer-readable medium
may include, but are not limited to, a removable computer
diskette, RAM, ROM, a rigid magnetic disk and an optical
disk, such as a compact disk-read only memory (CD-ROM),
compact disk-read/write (CD-R/W), and DVD.

[0091] The functions may include causing a first light
source 100 in communication with the controller 130 to emit
a beam of visible light to an area of interest 134 of a living
subject, causing a second light source 102a that is optically
coupled to an optical fiber 106 and in communication with the
controller 130 to emit a beam of near-infrared light to the area
of interest 134 through the optical fiber 106, and causing the
optical fiber 106 of the handheld probe 104 to collect light
scattered 140qa from a Raman probe and/or light emitted 1405
from a fluorescence probe, in response to illumination by the
second light source 102a. The Raman probe 1324 and/or
fluorescence probe 13256 may be introduced into the target
tissues in the area of interest 134. The functions may also
include causing a first electronic imaging device 1025 that is
in communication with the controller 130 and the optical fiber
106 to detect the collected light 140a/1405, and causing the
first electronic imaging device 1025 to generate a signal from
the collected light 140a/1405 that includes Raman data and/
or fluorescence data. Further, the functions may include caus-
ing a second electronic imaging device 126 that is in commu-
nication with the controller 130 to detect visible light 138 that
is emitted from the area of interest 134 in response to illumi-
nation by the first light source 100, causing the second elec-
tronic imaging device 126 to generate a corresponding signal
comprising visible light data, causing a third electronic imag-
ing device 122a that is in communication with the controller
130 to detect near-infrared light 142a having a first predeter-
mined wavelength that is emitted from the area of interest 134
in response to illumination by the second light source 102a,
and causing the third electronic imaging device 1224 to gen-
erate a corresponding signal that includes a first set of near-
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infrared light data. In addition, the functions may include
causing a fourth electronic imaging device 1225 that is in
communication with the controller 130 to detect near-infra-
red light 1425 having a second predetermined wavelength
that is different from the first predetermined wavelength and
that is emitted from the area of interest 134 in response to
illumination by the second light source 1024, and causing the
fourth electronic imaging device 1225 to generate a corre-
sponding signal that includes a second set of near-infrared
light data. Also, the functions may include generating at least
one real-time integrated visual representation 146 of the area
of interest 134 from the visible light data, first set of near-
infrared data, second set of near-infrared data, and from the
Raman data and/or fluorescence data, and causing a display
144 in communication with the controller 130 to display 144
the generated real-time integrated visual representation 146
for guidance during a diagnostic or therapeutic procedure.
[0092] In some embodiments, the function of generating
the real-time integrated visual representation 146 of the area
of interest 134 may include the steps of generating a wide-
field image 1464 of the area of interest 134 from the visible
light data, generating a laser excitation image 146a of a
selected area of the area of interest 134 that is defined within
the wide-field image 146d from the first set near-infrared light
data and/or the second set of near-infrared light data, and
generating a Raman image 1465 from the Raman data and/or
a fluorescence image 146¢ from the fluorescence data, that is
defined within the wide-field image 1464 and the laser exci-
tation image 146a.

[0093] In further embodiments, the Raman image 1464
and/or fluorescence image 146¢ may be an overlay image on
the laser excitation image 146a. The first electronic imaging
device 1025 may include a spectrometer, and each of the
second electronic imaging device 126, third electronic imag-
ing device 122a, and fourth electronic imaging device 1225
may include a CCD or CMOS camera.

[0094] While Chart 1 provides a typical parts list for the
fundamental systems and methods for providing read-time
anatomical guidance in a diagnostic or therapeutic procedure,
additional parts may be required for incorporating this fun-
damental system into an optical probe integral to an endo-
scopic device or a therapeutic laser system. For example, the
optical probe is integral to an endoscopic device selected
from an endoscope, a colonoscope, a microscope, a surgical
microscope, an arthroscope, a laparoscope, a thoracoscope, a
mediastinan endoscope, a hysteroscope, a cyctoscope, a ure-
teroscope, a stereomicroscope, a colposcope, a fiber-optical
system, or a rigid optical systems. This disclosure provides
for both borescope type devices and for video endoscope type
endoscopic devices.

[0095] Now referring also to FIG. 2, in yet another aspect,
the present disclosure relates to a method for intra-operatively
identifying disease in target tissues in an area of interest 134
ofaliving subject, to be resected in a diagnostic or therapeutic
procedure. In one embodiment, the method may include the
step 201 of introducing an optical contrast to the living sub-
ject, the step 203 of introducing a Raman probe and/or a
fluorescence probe into the area of interest 134 until the probe
has accumulated in the target tissues, the step 205 of prepar-
ing the living subject and the area of interest 134 for a diag-
nostic or therapeutic procedure, and the step 207 of initializ-
ing an imaging system for integrated bright-field imaging,
near-infrared imaging, and Raman imaging and/or fluores-
cence imaging. The method may also include the step 209 of
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beginning the diagnostic or therapeutic procedure in the area
of interest 134, the step 211 of using a first real-time inte-
grated visual representation of the area of interest 134 and the
target tissues, generated by the imaging system, to identify a
boundary of the target tissues that are diseased, and the step
213 of performing a surgical resection of the identified dis-
eased target tissues within the boundary.

[0096] Further, the method may include the step 215 to
determine whether all of the cancerous cells have been
removed. If it is determined that there are remaining cancer-
ous cells, the method may further include the step 217 of, after
the surgical resection, using a second displayed real-time
integrated visual representation of the area of interest 134 and
the target tissues, generated by the imaging system, to iden-
tify any remaining diseased target tissues within the bound-
ary, and the repeat of step 213 of, performing a surgical
resection of the identified diseased target tissues within the
boundary. The method may include a series of further surgical
resections on identified remaining diseased target tissues cor-
responding to a respective series of real-time integrated visual
representations generated by the imaging system, until the
area of interest 134 is free from diseased target tissues.

[0097] Inanembodiment, the imaging system may include
a first light source 100 that is configured to emit a beam of
visible light to an area of interest 134 of a living subject and
a second light source 102a that is configured to emit a beam
of near-infrared light to the area of interest 134. The system
may also include a handheld probe 104 that is optically
coupled to the second light source 102a, and that includes an
optical fiber 106 that is configured to deliver the emitted beam
of near-infrared light to illuminate the area of interest 134.
The optical fiber 106 may also be configured to collect light
140qa that is scattered or light 1405 that is emitted from a
contrast agent 132a/1325 introduced into target tissues in the
area of interest 134, in response to illumination by the second
light source 102a. A first electronic imaging device 1026 may
also be included in the system. The first electronic imaging
device 1025 may be optically coupled to the handheld probe
104 and may be configured to detect the collected light 140a/
1405 and to generate a corresponding signal that includes
collected light data. The handheld probe 104 may be further
configured to transmit the collected light 140a/1405 to the
first electronic imaging device 1025 through the optical fiber
106. The system may further include a second electronic
imaging device 126 that is configured to detect visible light
138 that is emitted from the area of interest 134 in response to
illumination by the first light source 100, and to generate a
corresponding signal including visible light data. A third
electronic imaging device 122a may also be included in the
system, which is configured to detect near-infrared light 142a
having a first predetermined wavelength that is emitted from
the area of interest 134 in response to illumination by the
second light source 102a, and which is also configured to
generate a corresponding signal including a first set of near-
infrared light data. In addition, the system may include a
fourth electronic imaging device 1225 that is configured to
detect near-infrared light 1426 having a second predeter-
mined wavelength that is different from the first predeter-
mined wavelength and that is emitted from the area of interest
134, in response to illumination by the second light source
102a. The fourth electronic imaging device 12256 may also be
configured to generate a corresponding signal that includes a
second set of near-infrared light data.
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[0098] A display 144 for displaying at least one visual
representation 146 of data may be further included in the
system. Also, the system may include a controller 130 that is
in communication with each of the first light source 100,
second light source 102a, first electronic imaging device
1025, second electronic imaging device 126, third electronic
imaging device 122a, fourth electronic imaging device 1225,
and display 144. The controller 130 may be programmed to
generate at least one real-time integrated visual representa-
tion 146 of the area of interest 134 from each of the collected
light data, visible light data, first set of near-infrared light
data, and second set of near-infrared light data, and to display
the real-time visual representation 146 on the display 144 for
guidance during the diagnostic or therapeutic procedure.
[0099] In some embodiments, each of the steps of identi-
fying diseased target tissues from the displayed real-time
integrated visual representation 146 may include identifying
visual representations 146a of the emitted laser excitation
light 142a/142b and visual representations 1465/146¢ of the
collected light data displayed in a selected area of the inte-
grated visual representation 146.

[0100] While the present disclosure describes a system for
intra-operatively providing anatomical guidance in a diag-
nostic or therapeutic procedure which incorporates a hand-
held probe optically coupled to the second light source and
comprising an optical fiber configured to deliver the emitted
beam of near-infrared light to illuminate the area of interest
and configured to collect light that is scattered or emitted from
a contrast agent introduced into target tissues in the area of
interest, this disclosure also provides for incorporating these
functions and relevant structures into instruments, probes,
and devices that are not necessarily handheld in the manner
disclosed in U.S. Patent Application Publication No. 2011/
0152692. These latter instruments, probes, and devices
encompass and provide more complex integrated functions
and additional functions and features that afford advantages
in a range of diagnostic or therapeutic procedures.

[0101] For example, embodiments may include devices
and methods of manufacture and use for the imaging system
using integrated bright-field imaging, near-infrared imaging,
and Raman imaging and/or fluorescence imaging for evalu-
ating target tissues as described herein in real-time combina-
tion with a receiving optical system, including, but not limited
to, endoscopes, colonoscopes, microscopes, surgical micro-
scopes, arthroscopes, laparoscopes thoracoscopes, mediasti-
nan endoscopes, hysteroscopes, cyctoscopes, ureteroscopes,
stereomicroscopes, colposcopes, fiber-optical systems, and
rigid optical systems.

[0102] The manner in which these systems can be inte-
grated for providing real-time anatomical guidance in diag-
nostic and/or therapeutic procedures can utilize those meth-
ods and systems that incorporate a borescope or fiberscope
type inspection device. Alternatively, the manner in which
these systems can be integrated for providing real-time ana-
tomical guidance in diagnostic and/or therapeutic procedures
can utilize those methods and systems that incorporate a
video endoscope or video borescope type inspection device.
Inthis aspect, integration utilizes the structure and function of
each type device and method to both provide real-time imag-
ing.

[0103] In the borescope or fiberscope embodiments, the
borescope includes a rigid or flexible tube that functions
primarily as a conduit for optical information transfer
between a proximal site that incorporates electronic imaging
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devices, light sources, and the like, to and from a distal site at
the distal site that includes the necessary or desired optical
elements such as lenses, mirrors, filters, or combinations of
various optical elements to both deliver and collect light. The
promixal and distal sites of the device are linked by, for
example, a relay optical system and/or optical fibers used for
illumination of the remote object and collecting the reflected,
emitted, scattered, Raman, and/or fluorescence data. The
linking system can includes a bundle of optical fibers which
divide the image into pixels, in the manner of a fiberscope,
which can provide desirable flexibility to the device in remote
cavities. Thus, the disclosed first electronic imaging device
that includes a spectrometer and each ofthe second electronic
imaging device, third electronic imaging device, and fourth
electronic imaging device that include a CCD or CMOS
camera can be used in the analysis of the collected light data
as described herein.

[0104] Alternatively, in the video endoscope or video bore-
scope type embodiments, the video endoscope includes a
rigid or flexible tube that functions primarily as a conduit for
electrical information transfer between a proximal site that
incorporates the computational elements and functions to and
from a distal site at the distal site that includes electronic
imaging devices, light sources, and the like, as well as the
necessary or desired optical elements such as lenses, mirrors,
filters, or combinations of various optical elements to both
deliver and collect light at the distal location. Thus, the video
endoscope can be a type of “inspection camera”, that uses a
miniature electronic, video, and optical components at the
end of the flexible tube. Because the more complex optical
waveguide structure of the endoscope is replaced with a less
expensive electrical cable, video endoscopes are generally
less costly and potentially provide enhanced resolution.
[0105] Either the borescope (fiberscope) type embodiment
or the video endoscope (video borescope) type devices and
methods of manufacture and use can be used for the imaging
system using integrated bright-field imaging, near-infrared
imaging, and Raman imaging and/or fluorescence imaging
for evaluating target tissues as described herein in real-time
combination with a receiving optical system such as endo-
scopes, colonoscopes, microscopes, surgical microscopes,
arthroscopes, laparoscopes thoracoscopes, mediastinan
endoscopes, hysteroscopes, cyctoscopes, ureteroscopes, ste-
reomicroscopes, colposcopes, fiber-optical systems, and
rigid optical systems, and the like.

Intelligent Focus

[0106] Ifanadjustable focus lens is installed in the imaging
system, an autofocus feature generally is desirable. When the
handheld probe is not in use, the system may autofocus using
existing methods (e.g. by assessing the level of contrast in a
scene). When the handheld probe is in use, the system auto-
focuses using the laser light emitted by the handheld probe as
a guide. The system actuates the motorized focus, and deter-
mines the in-focus position based on the position of the
motorized focus that either: (1) maximizes the contrast
between the laser area and the surroundings, or, (2) minimizes
the laser spot size. The method selected depends on the emis-
sion profile of the laser, a known quantity. Method 1 is more
suitable if the emission profile is a “top-hat” (tracking the
laser spot size is a feature already present in the software).
Method 2 is more suitable if the emission profile is “Gauss-
ian”. In both cases, the software optimizes the lens focus to
best match the known laser emission profile. The transition
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between autofocus based on existing methods and autofocus
based on the activation state of the laser and does not require
explicit user triggering. Examples of conventional autofocus
methods are provided in U.S. Pat. Nos. 5,530,514, 7,058,294,
and 7,362,353.

Intelligent Zoom

[0107] If the handheld probe is slowly scanned in an area,
the imaging system software magnifies the area in which the
handheld probe is being used. The additional magnification is
activated when the speed of scanning and the size of the area
in which scanning occurs are both in a predefined range, and
requires no explicit user trigger. When the speed of scanning
or area in which the scanning occur fall outsize the predefined
range, or when the handheld probe laser is turned off for a
predefined period of time, the additional magnification is
disabled. The amount of magnification is dependent on both
the speed of scanning and the size of the area in which scan-
ning occurs. The additional magnification is achieved digi-
tally by displaying the magnification region-of-interest (ROI)
in the same area as the full display. The magnification ROI can
be based on the size of the area in which scanning occurs or
can be based on the quadrant that bounds the area in which the
scanning activity takes place. There can be multiple “layers”
of zoom, so that if magnification has been triggered and the
scanning activity of the handheld probe is still within the
predefined triggering range, the system can increase magni-
fication further. The speed of scanning and size of the area in
which the scanning occur are tracked by the imaging system
using the laser-tracking camera.

Intelligent Spectroscopy Acquisition and Display

[0108] The integration time of the handheld probe spec-
trometer can be positively correlated to the speed of scanning
the probe as follows. The faster the probe is scanned, the
shorter the integration time (1); the slower the probe is
scanned, the longer the integration time (2). The integration
time is set to the intended operator objective: (1) rapid scan-
ning of a large area to find an area to interrogate in detail, or
(2) slow scanning of a small area for detailed examination.
The “binning” (i.e., the electronic sensor resolution) of the
spectrometer is also adjusted to the desired functionality,
either with higher binning factors in the case of (1) leading to
lower spectral resolution but better sensitivity, or lower bin-
ning factors in the case of (2) leading to increased spectral
resolution but lesser sensitivity. The power of the laser is
positively correlated to the area of laser excitation, so that the
irradiance (power per unit area) is maintained constant. The
system is able to alert the user, either visually through the
system display, or audibly through the system speaker, if the
user is holding the probe too close or too far from interroga-
tion area. The determination of “too close” or “too far” is
made by comparing the laser excitation area with predeter-
mined minimum and maximum threshold values. The inte-
gration time and binning level adjustments are made by the
system based on collected data and predefined threshold val-
ues for the desired behaviors, and require no explicit user
intervention.

[0109] The laser power may be automatically adjusted
based on the “dwell time” of the laser in the target area. As the
laser interrogates an area, it causes photobleaching of the
fluorophore in that volume of excitation. The photobleaching
rate is in part a factor of the fluorophore used and the laser
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irradiance. The system can automatically adjust the laser
power based on the dwell time, so that when the dwell time for
a predefined area exceeds a predefined value, the system
attenuates the laser power to a predefined lesser level. The
laser power is returned to a previous greater level when the
laser exits the area that triggered the attenuation event. There
can be multiple levels of laser attenuation. The speed of
scanning and size of the laser area is tracked by the imaging
system using the laser tracking camera. The attenuation level
of the laser power is made by the system based on collected
data and predefined threshold values for the desired behav-
iors, and requires no explicit user intervention. The integra-
tion time and binning of the spectrometer, and the gain and
binning of the NIR probe camera may also be each increased
when the system is using increased laser attenuation to com-
pensate for the lower irradiance of the attenuated laser.
[0110] Some of these features are also applicable to the
widefield camera system. Thus, when the probe scanning
speed exceeds a threshold value, the greater the gain and
binning in the NIR probe camera. Similarly, when the probe
scanning speed falls below another threshold value, the lower
the gain and binning in the NIR probe camera. The scanning
speed of the probe is known from the laser-tracking camera.
In both cases, adjustments to the gain and binning of the NIR
probe camera are made by the system based on collected data
and predefined threshold values for the behavior triggers, and
require no explicit user intervention.

[0111] The laser excitation area can be used to normalize
the overlay display of the NIR probe camera, so that a large
laser area causes the (virtual) NIR probe display gain to be
increased (compensating for lower laser irradiance), and a
smaller laser area causes the (virtual) NIR probe display gain
to be decreased (compensating for higher laser irradiance). In
both cases, the normalization of the overlay display is auto-
matically handled by the system, and requires no explicit user
intervention.

Fast Virtual Phosphorescence

[0112] When the user elects to use the VP (virtual phospho-
rescence) filter, an accumulation buffer is initialized. As each
new frame is acquired by the NIR camera process, the accu-
mulation buffer is multiplied by a decaying exponential func-
tion. The decay constant is user set, and is defined by the
amount of time the user would like the display to persist. The
decay constant is found by solving the equation

I(=1(0ye™",

where [ is the pixel intensity in the frame, I(t) is the new pixel
intensity at the given time index, e is the base of the natural
logarithms, D is the decay constant, and t is the time index.
The equation is solved for D and parameterized for the decay
time t=t, using 255 and 1 as the values for I(0) (assuming an
8-bit sensor) and I(t), respectively,

In[/(0)/1®)] _ 1n[1/255]
- T - T

D(r) =

Applying the decay (aging the accumulation buffer) is then
done by multiplying every pixel in the accumulation buffer by

I(s+1)=I(s)-exp(-D(x)-As)

where s is discrete time (between frames), I(s+1) and I(s) are
respectively the new and old values of the intensity at the
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given pixel, exp( ) is the exponential function, D(t) is the
decay constant calculated in Eq. (4), and As is the time
between frames (i.e., frame interval).

[0113] The decay constant can be user set, or it can be
automatically set to a predefined value based on the intended
activity of the user as determined by the imaging system
software. For example, a slow decay is useful when rapidly
scanning a large area, whereas a fast decay is useful while
interrogating a small area. The intended user activity is deter-
mined by the speed of scanning the probe and does not require
explicit user input to be determined.

[0114] While there have been shown several and alternate
embodiments of the present disclosure, it is to be understood
that certain changes can be made as would be known to one
skilled in the art without departing from the underlying scope
ofthe disclosure as is discussed and set forth above. Further-
more, the embodiments described above are only intended to
illustrate the principles of the disclosure and are not intended
to limit the scope of the disclosure to the disclosed elements.

Exemplary Aspects and Embodiments

[0115] Without intending to limit the scope of the disclo-
sure, exemplary systems and methods according to the
embodiments of the present disclosure are provided below.
[0116] In one aspect, there is provided a system for intra-
operatively providing anatomical guidance in a diagnostic or
therapeutic procedure, comprising:

[0117] (a)afirstlight source configured to emit a beam of
visible light to an area of interest of a living subject;

[0118] (b) a second light source configured to emit a
beam of near-infrared light to the area of interest;

[0119] (c) an optical probe, which can be integral to an
endoscopic device or a therapeutic laser system, opti-
cally coupled to the second light source, comprising an
optical fiber configured to deliver the emitted beam of
near-infrared light to illuminate the area of interest and
configured to collect light that is scattered or emitted
from a contrast agent introduced into target tissues in the
area of interest, in response to illumination by the second
light source;

[0120] (d) a first electronic imaging device optically
coupled to the optical probe and configured to detect the
collected light and to generate a corresponding signal
that comprises collected light data, and wherein the opti-
cal probe is further configured to transmit the collected
light to the first electronic imaging device through the
optical fiber;

[0121] (e)asecondelectronic imaging device configured
to detect visible light that is emitted from the area of
interest in response to illumination by the first light
source and to generate a corresponding signal compris-
ing visible light data;

[0122] () athird electronic imaging device configured to
detect near-infrared light having a first predetermined
wavelength that is emitted from the area of interest in
response to illumination by the second light source and
to generate a corresponding signal comprising a first set
of near-infrared light data;

[0123] (g) a fourth electronic imaging device configured
to detect near-infrared light having a second predeter-
mined wavelength that is different from the first prede-
termined wavelength and that is emitted from the area of
interest in response to illumination by the second light
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source, and to generate a corresponding signal compris-
ing a second set of near-infrared light data;
[0124] (h) a display for displaying at least one visual
representation of data; and
[0125] (i) a controller in communication with each of the
first light source, second light source, first electronic
imaging device, second electronic imaging device, third
electronic imaging device, fourth electronic imaging
device, and display, and programmed to generate at least
one real-time integrated visual representation of the area
of interest from each of the collected light data, visible
light data, first set of near-infrared light data, and second
set of near-infrared light data and to display the at least
one real-time visual representation on the display, for
guidance during the diagnostic or therapeutic procedure.
[0126] A further aspect of this disclosure provides for an
imaging system using integrated bright-field imaging, near-
infrared imaging, and at least one of Raman imaging and
fluorescence imaging for intra-operatively evaluating target
tissues in an area of interest of a living subject, comprising:
[0127] (a) a first light source for delivering a beam of
visible light to the area of interest and a second light
source for delivering a beam of near-infrared light to the
area of interest;
[0128] (b) a Raman and fluorescence imaging means,
comprising:

[0129] (i) a optical probe optically coupled to the sec-
ond light source for delivering the near infrared light
to illuminate target tissues of the area of interest and
for collecting at least one of scattered light and emit-
ted light from a corresponding at least one of a Raman
probe and a fluorescence probe that is introduced into
the target tissues and illuminated by the second light
source, the optical probe integral to an endoscopic
device; and

[0130] (ii) a first electronic imaging device in commu-
nication with the optical probe for obtaining at least
one of Raman data from the collected scattered light
and fluorescence data from the collected emitted
light, respectively; and

[0131] (c) a bright-field imaging means, comprising:

[0132] (i) a second electronic imaging device for
obtaining visible light data from visible light emitted
from the area of interest in response to illumination by
the first light source;

[0133] (ii) a third electronic imaging device for
obtaining a first set of near-infrared data from light
having a first predetermined wavelength that is emit-
ted from the area of interest in response to illumina-
tion by the second light source; and

[0134] (iii) a fourth electronic imaging device for
obtaining a second set of near infrared data from light
having a second predetermined wavelength that is
different from the first predetermined wavelength and
that is emitted from the area of interest in response to
illumination by the second light source.

[0135] In an additional aspect, the bright-field imaging
means of the imaging system disclosed above (section ¢) can
further comprise:

[0136] (iv) an optical port;

[0137] (v) a system lens comprising a UV-NIR compact

lens and a first focusing lens group;
[0138] (vi) a trichroic prism;
[0139] (vii) a first laser attenuating filter;
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[0140] (viii) a bandpass filter;
[0141] (ix) a second laser attenuating filter;
[0142] (x)asecond focusing lens group, a third focusing

lens group, and a fourth focusing lens group;

[0143] wherein the optical port and the first electronic
imaging device define a first optical path therebe-
tween having the trichroic prism and the second
focusing lens group, wherein the optical port and the
second electronic imaging device define a second
optical path therebetween having the trichroic prism,
first laser attenuating filter, and third focusing lens
group, and wherein the optical port and the third elec-
tronic imaging device define a third optical path ther-
ebetween having the trichroic prism, the second laser
attenuating filter, bandpass filter, and fourth focusing
lens group.

By way of example, and in a further aspect, the bright-field
imaging means of the imaging system disclosed above (sec-
tion c¢) can further comprise:
[0144] (iv) an optical port;
[0145] (v) a system lens comprising a UV-NIR compact
lens and a first collimating or focusing lens group;

[0146] (vi) a silver mirror;

[0147] (vii) a first dichroic mirror and a second dichroic
mirror;

[0148] (viii) a first shortpass filter or dichroic mirror and

a second shortpass filter or dichroic mirror;

[0149] (ix) a neutral density filter;

[0150] (x) a bandpass filter;

[0151] (xi) a longpass or notch filter; and

[0152] (xii) a second focusing lens group, a third focus-

ing lens group, and a fourth focusing lens group;
[0153] wherein the optical port and the first electronic
imaging device define a first optical path therebe-
tween having the silver mirror, the first dichroic mir-
ror, the second dichroic mirror, and the second focus-
ing lens group; wherein the optical port and the
second electronic imaging device define a second
optical path therebetween having the silver mirror,
first dichroic mirror, second dichroic mirror, neutral
density filter, and third focusing lens group, and
wherein the optical port and the third electronic imag-
ing device define a third optical path therebetween
having the silver mirror, first dichroic mirror, long-
pass or notch filter, bandpass filter, and fourth focus-
ing lens group.
[0154] According to a further aspect, there is provided a
method for intra-operatively providing anatomical guidance
in a diagnostic or therapeutic procedure, comprising the steps
of

[0155] (a) introducing at least one contrast agent into
target tissues in an area of interest of a living subject;

[0156] (b) emitting a beam of visible light to the area of
interest, using a first light source;

[0157] (c) emitting a beam of near-infrared light to the
area of interest, using a second light source;

[0158] (d) delivering the emitted beam of near-infrared
light to illuminate the area of interest, using an optical
fiber of a optical probe that is optically coupled to the
second light source;

[0159] (e) collecting at least one of scattered light and
emitted light from the contrast agent in response to illu-
mination by the second light source, using the optical
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fiber of the optical probe, wherein the contrast agent
comprises at least one of a Raman probe and a fluores-
cence probe;

[0160] (f) detecting the collected light and generating a
corresponding signal that comprises collected light data,
using a first electronic imaging device that is optically
coupled to the optical fiber, and wherein the optical fiber
is further configured to deliver the collected light to the
first electronic imaging device;

[0161] (g) detecting visible light that is emitted from the
area of interest in response to illumination by the first
light source and generating a corresponding signal com-
prising visible light data, using a second electronic
imaging device;

[0162] (h)detecting near-infrared light having a first pre-
determined wavelength that is emitted from the area of
interest in response to illumination by the second light
source and generating a corresponding signal compris-
ing a first set of near-infrared light data, using a third
electronic imaging device;

[0163] (i) detecting near-infrared light having a second
predetermined wavelength that is different from the first
predetermined wavelength and that is emitted from the
area of interest in response to illumination by the second
light source and generating a corresponding signal com-
prising a second set of near-infrared light data, using a
fourth electronic imaging device;

[0164] (j) generating at least one real-time integrated
visual representation of the area of interest from the
collected light data, visible light data, first set of near-
infrared data, and second set of near-infrared data, using
a controller in communication with each of the first
electronic imaging device, second electronic imaging
device, third electronic imaging device, and fourth elec-
tronic imaging device; and

[0165] (k) displaying the atleast one real-time integrated
visual representation generated by the controller, for
guidance during a diagnostic or therapeutic procedure,
using a display in communication with the controller.

The present disclosure also provides for a computer-readable
medium having stored thereon computer-executable instruc-
tions which can effect the disclosed method. For example, an
additional aspect of this disclosure provides for a computer-
readable medium having stored thereon computer-executable
instructions which, when executed by a controller, cause a
computer to perform the disclosed functions and operations
for intra-operatively providing anatomical guidance in a sur-
gical procedure.

EXAMPLES

[0166] Without intent to limit the scope of the disclosure,
exemplary systems and methods and their related results
according to the embodiments of the present disclosure are
provided below. Note that titles or subtitles may be used in the
examples for convenience of a reader, which in no way should
limit the scope of this disclosure. Further, these examples are
not intended to be inclusive of all aspects of the subject matter
disclosed herein, but rather to illustrate representative meth-
ods and results. These examples are not intended to exclude
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equivalents and variations of the present disclosure which are
apparent to one skilled in the art.

Example 1

Exemplary System and Handheld Spectroscopic Pen
Device

[0167] This Example relates to the handheld spectroscopic
pen device utilizing exogenous contrast agents for in vivo and
intra-operative cancer detection. These principles are appli-
cable when integrating the optical probe into an endoscopic
device such as an endoscope, a colonoscope, a microscope, a
surgical microscope, an arthroscope, a laparoscope, a thora-
coscope, a mediastinan endoscope, a hysteroscope, a cycto-
scope, a ureteroscope, a stereomicroscope, a colposcope, a
fiber-optical system, or a rigid optical systems.

[0168] As provided in this example, the handheld spectro-
scopic pen device and near-infrared contrast agents are used
for intra-operative detection of malignant tumors, based on
wavelength-resolved measurements of fluorescence and sur-
face-enhanced Raman scattering (SERS) signals. The hand-
held spectroscopic pen device utilizes a near-infrared diode
laser (emitting at 785 nm) coupled to a compact head unit for
light excitation and collection. This pen-shaped device
removes silica Raman peaks from the fiber optics and attenu-
ates the reflected excitation light, allowing for sensitive
analysis of both fluorescence and Raman signals. Its overall
performance has been evaluated by using a fluorescent con-
trast agent (indocyanine green, or “ICG”) as well as an SERS
contrast agent (pegylated colloidal gold). Under in vitro con-
ditions, the detection limits are approximately 2-5x107** M
for the indocyanine dye and 0.5-1x107'* M for the SERS
contrast agent. Ex vivo tissue penetration data show attenu-
ated but resolvable fluorescence and Raman signals when the
contrast agents are buried 5-10 mm deep in fresh animal
tissues. In vivo studies using mice bearing bioluminescent
4T1 breast tumors further demonstrate that the tumor borders
can be precisely detected preoperatively and intra-opera-
tively, and that the contrast signals are strongly correlated
with tumor bioluminescence. After surgery, the handheld
spectroscopic pen device permits further evaluation of both
positive and negative tumor margins around the surgical cav-
ity, raising new potential for real-time tumor detection and
image-guided surgery.

[0169] Previous work with fiberoptic devices for fluores-
cence and Raman measurements has not examined their suit-
ability for measuring exogenous contrast agents during sur-
gical procedures. In the present disclosure according to this
Example, an integrated fiberoptic spectroscopic system is
stably aligned and calibrated and is thus well suited for robust
surgical use. One aspect of this design is that a rigid pen-sized
fiber-optic unit can be used by a surgeon as a handheld device
to detect small tumors and other lesions in real time during
surgery. To address the issue of tumor heterogeneity, it is
demonstrated that this spectroscopic system can be combined
with injected contrast agents for intra-operative cancer detec-
tion and tumor margin delineation. As a result, much higher
detection sensitivity and more consistent tumor signals are
achieved than in previous studies that relied on native fluo-
rescence or normal Raman scattering.

Reagents

[0170] Ultrapure water (18.2 MQ) was used throughout the
studies according to this Example. Indocyanine green (ICG),
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3,3"-diethylthiatricarbocyanine iodide (DTTC), 2,2,2-tribro-
moethanol, tertiary amyl alcohol, and bovine serum albumin
(BSA, 98%) were purchased from Sigma-Aldrich (St. Louis,
Mo.). Citrate-stabilized gold colloids (60 nm diameter) at a
concentration of 2.6x10'° particles/mL were obtained from
Ted Pella, Inc. (Redding, Calif.). Dulbecco’s Modified
Eagle’s Medium (DMEM) (4.5 g/L glucose, 4.00 mM
L-glutamine), fetal bovine serum (FBS), antibiotic/antimy-
cotic solution, and phosphate buffered saline (PBS) were
purchased from Thermo Scientific HyClone (Logan, Utah).
XenoLight RediJect D-luciferin subtrate was purchased from
Caliper Life Sciences (Hopkinton, Mass.). All reagents were
used as purchased without further purification.

Handheld Spectroscopic Pen Device

[0171] A RamanProbe sampling head and connecting
fiberoptics were purchased from InPhotonics (Norwood,
Mass.). The cylindrical stainless steel sampling head (diam-
eter 1.3 mm, length 10 cm) was integrated with a 5 m two-
fiber cable, one for laser excitation and the other for light
collection. The sampling head and fiber cable were coupled
via an FC connector to a spectrometer designed by Delta Nu
(Laramie, Wyo.). The combined sampling head and spec-
trometer system has a wavelength range of 800-930 nm with
0.6 nm spectral resolution for fluorescence measurement, and
aRaman shift range 0of 200-2000 cm~* with 8 cm™" resolution
for Raman measurement. Laser excitation was provided by a
continuous-wave 200 mW diode laser emitting at 785 nm.
[0172] The handheld spectroscopic pen device was com-
pared to a standard Raman spectrometer (Inspector, 785 nm
excitation, 120 mW laser power, 0.6 nm resolution) (DeltaNu,
Laramie, Wyo.) to check for wavenumber accuracy across the
entire spectral range. A Raman scattering spectra from poly-
styrene was acquired over 5 s from both the handheld spec-
troscopic pen device and the commercial Raman spectrom-
eter to determine the spectral accuracy of the handheld
device. The sensitivity of the handheld spectroscopic pen
device to detect ICG and SERS contrast agents was also
determined. ICG was diluted in BSA solution to concentra-
tions ranging from 25 nM to 50 pM. SERS nanoparticles were
diluted in Milli-Q water to a concentration of 0.2-37.6 pM.
Nanoparticle solutions of different concentrations were trans-
ferred (200 pL) into 96 well half-volume black microplates.
The handheld spectroscopic pen device was fixed 10 mm
above and centered over each well of the microplate. Signal
collection times for each concentration ranged from 0.1 to 10
s. The relationship between the integrated signal intensity and
the contrast agent concentration was statically analyzed with
a linear regression model including calculated 95% confi-
dence intervals. The statistical analyses were performed
using Origin 6.1 software.

Nanoparticle Contrast Agents

[0173] Stock ICG solution was first dissolved in DMSO,
and then diluted in aqueous solution containing the albumin
protein (40 mg/mL, similar to the blood protein concentra-
tion). Under this condition, the ICG molecules quickly bound
to albumin molecules, resulting in ICG-albumin complexes
with a hydrodynamic size of 4-6 nm (diameter). The use of
albumin also prevented ICG aggregation and fluorescence
quenching. Spectrally encoded and PEG-stabilized SERS
nanoparticles were prepared according to Qian, Nie, and co-
workers. Briefly, aqueous diethylthiatricarbocyanine
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(DTTC) solution (4 uM) was added dropwise to a gold nano-
particle solution. The optimal SERS signals were detected
when approximately 2x10* DTTC molecules were bound to
each 60 nm gold particle. The particles were stabilized by the
addition of a thiol-PEG solution (10 uM) and then purified by
centrifugation.

Tissue Penetration Depth Measurement

[0174] Porcine tissues used for ex vivo studies were
obtained from the Animal and Dairy Science Department at
the University of Georgia (Athens, Ga.). Fluorescence and
Raman spectra of porcine fat, liver, and lung were collected
over 5-10 s. These tissues were chosen for both their rel-
evance to disease processes and for their optical properties. To
determine the depth at which the handheld spectroscopic pen
device can detect fluorescent dyes or SERS nanoparticles in
various organs, an 8 mm® section of the tissue was loaded with
20 pL, of either 650 nM ICG or 300 pM SERS nanoparticle
solution. Next, thinly sliced sections of the corresponding
tissues were laid on top of the contrast agent-loaded speci-
men. After each tissue section was applied, fluorescent or
Raman spectra were collected over 0.1-10 s with the handheld
spectroscopic pen device. A distance of 1 cm was maintained
between the handheld spectroscopic pen device tip and the
top tissue layer, in order to simulate the handheld spectro-
scopic pen device position during surgical use. A layer of
plastic wrap was placed in between the contrast agent loaded
tissue and subsequent tissue layers to prevent diffusion of
contrast agents into the unlabeled tissue slices. Spectra were
scaled as needed or desired to correct for different integration
times and then integrated to obtain the reported signal inten-

sity.
In Vivo and Intra-Operative Measurements

[0175] Allin vivo murine studies were performed under an
approved protocol by the Emory University IACUC. The
mouse mammary carcinoma cell line 4T1, which stably
expresses a firefly luciferase gene, was obtained from Dr. Lily
Yang at Emory University (Atlanta, Ga.). 4T 1 cells were
cultured in DMEM containing 10% FBS and 1x antibiotic/
antimycotic agent. Prior to injection into mice, the cells were
washed two times with PBS and diluted in sterile PBS to a
final concentration of 2x107 cells/mL.. Mammary tumors
were inoculated into nude mice by the subcutaneous admin-
istration of 2x10° 4T1 cells into the mouse flank. Once the
tumors were approximately 4 mm in diameter, ICG was
administered intravenously (i.v.) via a tail vein at a dose of
357 ng/kg. After 24 h, mice were anesthetized by intraperi-
toneal (i.p.) injection of a 2.5% solution of tribromoethanol
(350 mg/kg). Tumor-bearing mice undergoing biolumines-
cence imaging were administered i.p. 100 pL, of a luciferin
solution (30 mg/mL). Bioluminescent images were acquired
on a Kodak In-Vivo FX Imaging System from Carestream
Molecular Imaging (Rochester, N.Y.). Corresponding bright-
field images were taken for anatomical reference of the biolu-
minescence signal. A series of spectra were acquired on
tumor-bearing mice using the handheld spectroscopic pen
device. First, the position of the handheld spectroscopic pen
device was fixed to about 1-2 cm above the location of the
acquisition area on the mouse. Spectra were collected in 1 s
and were obtained from several locations, including directly
over the center of the tumor and the peritumoral region. After
the spectra were acquired, the integrated signal intensity was
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calculated. The signal intensity was compared to both the
bright-field anatomical location and the bioluminescence sig-
nal.

Handheld Spectroscopic Pen Device Design and Perfor-
mance.

[0176] The handheld spectroscopic pen device connects a
handheld sampling head, viaa fiberoptic cable, to a spectrom-
eter that can record fluorescence and Raman signals. The
ability to resolve NIR fluorescent and Raman signals from
background tissue arises from the optical filtering that takes
place in the handheld portion of the device, as illustrated in
FIGS. 3 and 4. FIG. 3 schematically shows optical beam paths
of a handheld spectroscopic pen device, with excitation light
provided from a 785 nm laser diode (200 mW output), and
having an excitation fiber (“Ex”), collection fiber (“Coll.”),
band-pass filter (“BP”), long pass filter (“LP”), dichroic filter
(“D”), and reflective mirror (“M”). As shown, the laser light is
transmitted through the excitation fiber into the pen. A first
lens collimates the excitation light. Wavelength selectivity is
provided by a band-pass filter. Excitation light is then focused
onto the sample of interest. Backscattered light is collected
through the same lens. A dichroic mirror and a long pass filter
attenuate Rayleigh scattering by a factor of 10® in the collec-
tion fiber. Thus, only Stokes-shifted light is transmitted to the
spectrometer. Silica Raman bands arising from the optical
fibers are attenuated by physical filtering in both the excita-
tion and emission optical paths. The device’s overall perfor-
mance was evaluated by comparing the polystyrene Raman
spectra obtained with the handheld spectroscopic pen device
and a standard Raman spectrometer (see FIG. 5). The results
show well matched Raman signals between the two spec-
trometers and also with the literature spectra of polystyrene.
The differences in peak positions (wavenumbers) are less
than 0.5% across the entire range of 200-2000 cm™.

Detection Sensitivity and Dynamic Range

[0177] As depicted in FIG. 4, the handheld spectroscopic
pen device allows for sensitive detection of both fluorescent
and SERS contrast agents. A linear relationship is found
between the recorded signal intensity and contrast agent con-
centration. FIGS. 6A and 6B show the linear regression
model fit to the integrated intensity versus concentration
curves. The linear regression model is shown as a blue line
with 95% confidence intervals shown as dashed red lines. R?
is the fit coefficient of the linear regression model, and has a
value of 1 for perfect fits. The P-values indicate that the slopes
of the linear regression are significantly different than zero.
Further examination shows a narrow 95% CI band (red
dashed lines) indicating that the regression fit is very close to
the “true” fit for both ICG and SERS contrast agents. The
minimum spectrally resolvable concentrations (that is, limits
of detection) are 2-5x107** M for ICG and 0.5-1x107"* M for
the SERS agent. The Raman reporter dye (diethylthiatricar-
bocyanine) used here is in resonance with the excitation
wavelength at 785 nm, so the phenomenon should be called
surface-enhanced resonance Raman scattering (SERRS).
Also, the SERRS nanoparticles are 40-50 fold more sensitive
than ICG under the above-mentioned experimental condi-
tions, primarily because of the poor optical properties of ICG
(less than 2% quantum yield and fluorescence quenching
induced by aggregation). The maximum detectable concen-
tration is determined by detector signal saturation, the analog-
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to-digital converter (16 bits, 2'°=65,536), and the data inte-
gration time. That is, for low contrast signals, the integration
time should be increased in order to improve the signal-to-
noise ratio, whereas for high contrast signals, the integration
time should be reduced to avoid detector saturation (which
will allow high-speed acquisition of tumor contrast signals).
The dynamic range is then defined by the low and high limits
in which the contrast signal intensity is linear with its con-
centration. For both fluorescence and Raman measurements,
the handheld spectroscopic pen device provides a 50-60 fold
dynamic range. Accordingly, weak tumor-margin signals that
are 50-60 fold lower than the central tumor signals can be
measured simultaneously without adjusting the data acquisi-
tion parameters, as further discussed below.

Spectral Discrimination and Tissue Penetration Depth

[0178] An objective of intra-operative use of the handheld
spectroscopic pen device is detection of tumor foci at the
margins of the tumor mass, thereby minimizing the risk of
positive margins. In practice, a real-time detection system
according to aspects of the exemplary embodiment disclosed
in this Example allows the surgeon to remove tumor tissue
that might have gone undetected, saving the patient from
repeated surgery and potentially improving survival. Sensi-
tive tumor detection is based on the use of albumin-bound
ICG or SERS nanoparticles as contrast agents. As discussed
in more detail later, the main mechanism is believed to be
“passive tumor targeting” in which nanoparticles are accu-
mulated and retained in the tumor interstitial space mainly
through the enhanced permeability and retention (EPR)
effect.

[0179] The ability of the handheld spectroscopic pen
device to differentiate contrast agent signals from the autof-
luorescence and Raman scattering of major tissue/organ
types (i.e. fat, liver and lung) was first examined. FIG. 4
shows representative spectra of pure ICG, animal fat, and a
mixture of ICG and animal fat (ICG in fat). At 785 nm
excitation, ICG has a fluorescence peak at 816 nm, while fat
has abackground fluorescence peak at 805 nm plus resolvable
Raman signals at 862, 1070, 1297, 1439, and 1652 cm™
(corresponding to 842, 857, 874, 885, and 902 nm in wave-
length, respectively). ICG buried in fat has identifiable con-
tributions of both ICG and fat (e.g., ICG fluorescence at 816
nm and the fat Raman peaks at 874 and 885 nm).

[0180] FIG. 7A illustrates fluorescence spectra of pure
ICG, animal fat, and a mixture of ICG and animal fat before
background subtraction (upper panel) and after background
subtraction (lower panel). FIG. 7B illustrates Raman spectra
of pure SERS nanoparticles, animal fat, and a mixture of
SERS nanoparticles and animal fat before background sub-
traction (upper panel) and after background subtraction
(lower panel). All spectra were taken with the handheld spec-
troscopic pen device positioned 1 cm above the top layer of
tissue. Spectra were acquired over 0.1-10 s. The background
was obtained by averaging four different spectra obtained
from control tissues, and was subtracted from the contrast-
enhanced spectra or from single background measurements.
Signal intensities relative to that of pure ICG or SERS
samples are indicated by scaling factors. The Raman reporter
dye was diethylthiatricarbocyanine (DTTC).

[0181] As shown in FIG. 7A (lower panel), the background
signal of fat can be accurately subtracted, allowing nearly
pure ICG contrast signals. Similarly, the data in FIG. 7B
(upper and lower panels) show that the background Raman
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spectrum can be subtracted to reveal predominantly the SERS
contrast signals. As noted, the ability to detect deeper satellite
residual tumors adjacent to the primary tumor can be impor-
tant for complete tumor resection and improving patient out-
come. To simulate this surgical scenario, the ability of the
handheld spectroscopic pen device to detect optical contrast
agents below the surface of fat, liver, and lung tissues was
examined, by placing contrast agent loaded tissue specimens
below 1-2 mm sections of unlabeled tissue (FIG. 8). FIG. 8
schematically shows a system for performing tissue penetra-
tion depth studies of near-infrared fluorescent and SERS con-
trast agents.

[0182] FIGS. 9A and 9B show the relationship between
signal intensity and the depth of ICG or SERS agents deeply
placed in ex vivo tissues. As suggested from light scattering,
the contrast signal intensity decreased almost exponentially
with tissue thickness. ICG can be detected more deeply in fat
than other tissues because fat does not scatter the excitation
light as strongly as lung and liver. This finding has potentially
pertinent applications in lipomatous (fat-rich) tissues such as
breast and some other soft tissues. In addition, lung and liver
have more intense autofluorescence with NIR excitation
(likely due to porphyrins and related chromophores in these
highly vascularized organs), which compromises the ability
to distinguish ICG emission from native autofluorescence. In
comparison, SERS nanoparticles give rise to sharp spectral
peaks that are distinct from the broad background, allowing
accurate extraction of weak SERS signals under high-attenu-
ation and scattering conditions. Thus, weaker SERS signals
can be detected and resolved at a greater tissue depth in
comparison with ICG fluorescence. The penetration depth
can be further improved by positioning the fiberoptic tip
closer to the tissue surface (almost in contact).

In Vivo and Intra-Operative Tumor Detection

[0183] In vivo investigations were conducted to test the
ability of the handheld spectroscopic pen device to detect
intratumoral deposition of ICG after intravenous infusion.
This contrast agent has been approved by the U.S. Food and
Drug Administration (FDA) and is indicated for various uses
in humans, such as for determining cardiac output, hepatic
function and liver blood flow, and for ophthalmic angiogra-
phy. To assess degree of tumor contrast enhancement using
ICG, mice were used in which 4T1 tumor cells (2x10° in
number) were subcutaneously injected 18 days prior to imag-
ing. The tumor cells were genetically engineered to express
the firefly luciferase gene; intravenous injection of luciferin
after tumor development causes these cells to emit biolumi-
nescent light and allows one to determine the precise location
of tumors using bioluminescence imaging. Thus, ICG con-
trast enhancement can be correlated with simultaneous biolu-
minescence imaging to determine whether ICG contrast
enhancement (if any) originated from tumor sites. On day 17
after tumor cell inoculation, ICG was intravenously infused
into the mice using a dose of 357 pg/kg, which is the equiva-
lent dose used for human use, and then imaged the mice using
the handheld spectroscopic pen device 24 h later. Using biolu-
minescence imaging, a dominant tumor site was identified,
along with two satellite tumor sites along the track of the
needle used for inoculation of tumor cells (FIGS. 10A and
10B). A set of 14 spectra was obtained from the mouse using
the handheld spectroscopic pen device.

[0184] Specifically, FIG. 10A shows a bright-field image
identifying the anatomical locations of a primary 4T1 breast
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tumor and two satellite nodules (dashed circles). The specific
locations for measurement using a handheld spectroscopic
pen device are indicated by numbers 1-12 for the primary
tumor and 13-14 for the satellite nodules. FIG. 10B shows a
bioluminescence image of the mouse, identifying the primary
and satellite tumors (red signals).

[0185] FIG. 11 highlights the high degree of ICG contrast
enhancement in the tumors as compared to the surrounding
tissues. The intense ICG signals at locations 5-9, 13, and 14
are indeed correlated with the presence of tumor as deter-
mined by bioluminescence. The integrated signal intensities
from the tumor areas are nearly 10 times more intense than the
signals obtained from normal regions. Spectra collected from
the adjacent edges (less than 2 mm from the tumor) are still
5-6 times stronger than that of the more remote areas, provid-
ing excellent delineation of the tumor. After surgical removal
of the tumors, bioluminescence imaging shows that the
excised tumors are bright and the surgical cavity is dark (see
FIGS. 12A and 12B).

[0186] Specifically, FIGS. 12A and 12B show bright-field
images (FIG. 12A) and bioluminescent images identifying
positive and negative tumor margins detected using a hand-
held spectrometer pen device, including a resected tumor
(yellow dashed lines) and the surgical cavity (cyan dashed
line). Spectra obtained within the excised tumor are shown in
red, those in the surgical cavity are shown in cyan, and one on
the margin of the surgical cavity is shown by a white arrow-
head. As seen on the bioluminescence image, there was a
region with residual tumor along the margin of the cavity.
[0187] Referring to FIG. 13, spectra recorded by the hand-
held spectroscopic pen device indicate 10-fold stronger sig-
nals for the excised tumors as compared to the cavity, which
is consistent with the contrast ratio of tumor to healthy tissue
found within the living animal (see FIG. 11).

[0188] There was a very small area of bioluminescence
remaining at the margin of the cavity, corresponding to a
positive surgical margin, that was not seen by visual inspec-
tion alone. Reexamination of this area with the handheld
spectroscopic pen device revealed an ICG signal that was 5
times stronger than for adjacent tissue, again consistent with
the contrast ratios recorded from noninvasive imaging. The
ability to obtain a strong ICG signal from tumor, remove the
tumor as guided by the handheld spectroscopic pen device,
and obtain real-time pathology about the margin status of
both excised tissue and the remaining tumor cavity, all con-
stitute useful features for image-guided surgery.

[0189] Results indicate that the observed ICG contrast
between tumor and normal tissues is very clear and strong,
even though no tumor-targeting ligands are used in this work.
Previous oncology studies utilizing ICG are mainly directed
toward sentinel lymph node detection. These studies rely on
direct intratumoral or peritumoral injections of ICG rather
than the intravenous route of administration as used in the
study according to the present Example. After intravenous
administration, ICG is known to bind to the hydrophobic
pockets of serum proteins, especially albumin and lipopro-
teins. Thus, through protein binding, ICG takes on nanometer
scale dimensions, with a hydrodynamic size of 6-8 nm diam-
eter. The strong tumor enhancement comes from the
enhanced permeability and retention (EPR) effect, in which
macromolecules or nanoparticles preferentially accumulate
in tumor due to the abnormal neovasculature with large fen-
estrations and poor lymphatic drainage characteristic of
tumors. More advanced nanoparticle formulations of ICG
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have been reported to facilitate longer circulation of ICG and
increased tumor accumulation for diagnostic and photother-
mal applications. Also, targeted contrast agents can be devel-
oped by conjugating SERS and other nanoparticles to pep-
tides, monoclonal antibodies, and small-molecule ligands for
molecular recognition of antigens or receptors on the surface
of tumor cells.

[0190] Insummary, according to this Example, a handheld
spectroscopic device was constructed and the use of two
near-infrared contrast agents for in vivo and intra-operative
tumor detection has been shown. Under in vitro conditions,
the handheld device provides a detection limit of 2-5x107**
M for ICG and a detection limit of 0.5-1x107** M for SERS.
The tissue penetration depth is about 5-10 mm depending on
the tissue’s optical properties and the ability to resolve weak
contrast signals. In addition, in vivo studies were carried out
by using mouse models bearing bioluminescent 4T1 breast
tumors. The results indicate that the tumor borders can be
precisely detected preoperatively and intra-operatively,
resulting in real-time detection of both positive and negative
tumor margins around the surgical cavity. In comparing the
two types of near-infrared contrast agents, SERS nanopar-
ticles (60-80 nm) provide rich spectroscopic information
(sharp spectral features), but are much larger than the ICG-
albumin complexes (4-6 nm). Accordingly, the SERS agent
may be better suited for mapping blood vessels and tumor
boundaries/peripheries (for delineating tumor margins),
whereas ICG-albumin may be better suited for tumor pen-
etration and rapid clearance.

Example 2

Exemplary Integrated Imaging and Spectroscopy
System

[0191] This Example relates to an integrated imaging and
spectroscopy system for image-guided surgery. According to
one embodiment, the system is configured to detect the signal
from a fluorescent or Raman-active probe introduced into a
patient and localized to a disease area of interest (e.g. a
tumor). A surgeon using this system may totally remove a
diseased area and verify that the diseased area was success-
fully and entirely removed.

[0192] According to one embodiment of the present
Example, a multi-modal imaging system comprises a wide-
area imaging system that is configured for imaging in the
visible and near-infrared light ranges (400-1000 nm), and a
narrow-beam combination fiberoptic laser light excitation
source (633 nm or 785 nm) and spectroscopy detector. The
wide-area imaging system has one lens and three cameras:
one color camera to detect and record visible light (400-610
nm, what a user sees with the unaided eye); one black and
white camera to detect the light from the laser excitation
source (633 nm or 785 nm); and one black and white camera
to detect the light emitted from a probe (e.g. 850 nm). Physi-
cal optical filters (bandpass for emission selectivity, laser
line/notch to block laser excitation light on all but the “laser
camera,” and dichroic mirrors to split the desired light among
the three cameras) are used to split the light collected from a
single lens into the three individual cameras and to provide
specificity for the desired wavelengths of light to reach each
camera. The system is used alongside fluorescent (e.g.
indocyanine green dye, quantum dot) or surface-enhanced
Raman scattering (SERS) probes injected into the subject and
accumulated by passive or active targeting to an area corre-
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sponding with diseased tissue. When in use, the information
from the cameras is processed by a computer and displayed
such that the user may see the visual field; an overlay onto the
image of the visual field shows the position of the laser
illumination and the light illumination of the probe (if
present). A computer uses image processing to enhance the
image of the visual field, making it easier to distinguish the
position of the probe in relation to the surrounding tissue.
Simultaneously, the fiber-optic laser illumination and spec-
troscopy detector displays a spectrum of the light emitted
from the area illuminated by the laser light. The spectroscopy
system is operative to detect the fluorescence emission and
Raman light scattering of both native tissue and the intro-
duced probes.

Example 3

Exemplary Method for Condensing Spectrograph
Information

[0193] This example relates to a method for condensing
spectrograph information recorded by a “Raman pen” spec-
trometer onto a wide-field video display (see also the system
according to Example 2, above), also referred to as “virtual
phosphorescence”. According to one embodiment, the virtual
phosphorescence display mode is a way to overlay informa-
tion recorded continuously from a Raman pen spectrometer
onto a wide-field image. Data recorded from the spectrometer
is a spectrum (the intensity of light at a given wavelength). For
fluorescence probes, data is analyzed in a simple area-under-
the-curve (AUC) method (ratio of integrated fluorescence to
minimum/background); for Raman scattering probes (and
optionally for fluorescence probes), a computationally more
complex deconvolution method is used (match known spectra
to the recorded spectra via optimization). A positive signal is
assumed when the fluorescence AUC ratio is over a predeter-
mined threshold or when the AUC ratio of the spectra
obtained through deconvolution are over a predetermined
threshold. In both cases, the predetermined threshold is at
least 3 standard deviations above the background signal level,
and corresponds to a significant amount of fluorescent or
Raman probe in the sample area of the spectrometer.

[0194] When a positive signal is recorded, a false color
overlay is placed on the wide-field image at the location of a
laser excitation source when the signal was recorded (the
location is detected by the camera dedicated for laser track-
ing) the overlay decays over time. That is, initially the overlay
will be bright, but over the course of seconds the overlay will
become progressively more translucent (and so appear dim-
mer). The decay time is user-selectable, so for very static
conditions, such as when the surgical area is being swept by
the Raman pen to locate tumor boundaries, a longer decay
time (e.g. 5 seconds) is used to indicate where positive signals
arerecorded. For dynamic conditions, such as when a surgeon
is actively cutting tissue under image guidance, the decay
time is short (e.g. 1 second) to accurately indicate where
positive tumors are recorded.

Example 4

Imaging and Spectroscopy Systems Integrated with
Endoscopes, Colonoscopes, Colposcopes, “Fiber-
Optical Systems”, or “Rigid Optical Systems”

[0195] This example describes endoscopes, colonoscopes,
colposcopes, “fiber-optical systems” (fiberscopes), and “rigid
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optical systems” (borescopes) which record images from the
remote end of a tube that may be flexible or rigid. Generally,
such devices are divided into two classes: fiberscopes/bores-
copes and video endoscopes. Fiberscopes use a “coherent”
fiber optic bundle (the position of each fiber is the same at
each end of the bundle) to collect light at the remote end and
transfer it to the local end. In contrast, borescopes use a series
of relay lenses and (sometimes) glass cylinders to relay an
image from the remote end to the local end. In both cases,
light from the remote end is transferred to the local end for
viewing. Video endoscopes place a camera sensor directly at
the remote end and electronically transmit the image to a
receiver (e.g., a television). Terms such as “endoscope”,
“endoscopic device”, and the like are used herein as general
terms that encompasses any such device, examples of which
include those named for an intended purpose. Thus, a colono-
scope is for inspecting the bowels, a colposcope for inspect-
ing the cervix/vagina, and similar devices, are all encom-
passed in this example. The inner workings of the endoscope
are the same across applications, although specific applica-
tions can have enhancing features.

[0196] Regardless of endoscope type, a key differentiating
feature is that a miniaturized electronic device or “mini-
Spectropen” is either used in the working channel of the
endoscope device or integrated into the endoscope device.
This scope provides point excitation of fluorescence or
Raman. It also has a spectroscopic return that provides spec-
troscopy information of the point excitation area.

Coupling to Fiberscopes (Fiber-Optical Systems) or Bores-
copes (Rigid Optical Systems)

[0197] Coupling the widefield camera system to a fiber-
scope or borescope, utilizes an optomechanical coupler. One
mechanical function of the coupler is to attach the widefield
camera system to the eyepiece of the fiberscope or borescope.
Another mechanical function of the coupler is to hold the
optical part of the coupler so that the distance between the
local end of the fiberscope or borescope, the optical coupler,
and the entrance of widefield camera system is constant. The
optical component of the coupler is also held centered and
untilted with respect to the optical axis. The optical coupler is
one or many optical elements (e.g., a lens) that transfers light
from the local end of the fiberscope or borescope to the
entrance of the widefield camera system. The widefield cam-
era system may be configured to accept collimated light of a
specified diameter or focal light of a specified focal length and
numerical aperture. The optical coupler configuration
matches that of the widefield camera system. Thus, if the
system expects collimated light, the coupler collimates the
divergent light emitted by the fiberscope bundle or borescope
relay lens system with the needed diameter; if the system
expects focal light, the coupler relays light emitted by the
fiberscope bundle or borescope relay lens system with the
necessary or desired focal length and numerical aperture.

[0198] Examples of fiberscopes or borescopes with digital
camera attachments include those integrated in video endo-
scopes. Integrating a widefield camera system with a video
endoscope utilizes a system that is miniaturized such that it
can fit within the tip of a video endoscope. Integration can be
carried out, for example, by using very small camera sensors
with a multichannel prism (for example, a miniaturized
3CCD camera). Another method of integration is to use a
single CCD with integrated spectral filtering. Multispectral
capabilities for the single CCD could be granted through use
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of a multispectral mosaic filter (similar to a Bayer filter used
with color sensors) or a vertically stacked sensor (such as
those of Foveon, Inc./Sigma Corp.) designed for multispec-
tral applications. For both strategies, the video endoscope will
have the same imaging capabilities (30 fps video, multispec-
tral) as the “large” widefield camera system.

[0199] These principles and aspects are exemplified in the
embodiments shown in FIGS. 14-16 and the list of figure
elements provided in Chart 2. For example, FIG. 14 illustrates
one method of coupling the widefield camera system to a
fiberscope or borescope, utilizing, for example, an optom-
echanical coupler. FIGS. 15 and 16 illustrate methods and
embodiments for integrating a widefield camera system with
a video endoscope utilizing a miniaturized system such that it
can fit within the tip of a video endoscope and incorporating,
for example, a multispectral camera sensor in a video endo-
scope.

Example 5

Imaging and Spectroscopy Systems for Image-
Guided Surgery Integral with Therapeutic Laser Sys-
tems

[0200] This example illustrates surgical laser systems (e.g.,
carbon dioxide, argon, neodynium yttrium aluminum garnet)
used in oncology for surface ablation of cancerous lesions,
photocoagulation of cancerous lesions, and activation of pho-
todynamic therapy agents. The present system integrates with
therapeutic laser systems at a mechanical level by addition of
the therapeutic laser to the local excitation and spectroscopy
system (the “Spectropen box™). To this integrated system,
additional software for control of the ablation functions can
be added. The therapeutic laser could be used in open surgery,
minimally-invasive surgery (i.e., endoscopic procedures),
robotic surgery, and in drug-eluting devices and the like.

Hardware Modifications to Support Therapeutic Lasers

[0201] A therapeutic laser uses greater energies than the
laser used for imaging and spectroscopy; therefore the imag-
ing instrumentation generally is protected from the higher
power laser emissions. The protection can be in the form of
optical notch filters to reject only laser light or a physical
shutter to block all light. In the case of a shutter, it is auto-
matically triggered to block light only when the therapeutic
laser is active. The integration of a therapeutic laser into the
local excitation and spectroscopy system (the “Spectropen
box”) can be carried out by optically coupling the therapeutic
laser into the system through standard optical elements (e.g.,
lenses, mirrors, prisms, and dichroics).

Software Additions to Support Therapeutic Lasers

[0202] Integrating therapeutic laser capabilities into the
imaging system can allow the imaging system to precisely
guide when and where the therapeutic laser action occurs,
rather than the hands of a surgeon. The imaging laser and the
imaging system is used to locate the position of the handheld
probe within the patient (a function already done in the imag-
ing system software). When the imaging system detects con-
trast agent in an amount indicative of tumor presence (a
function already done in the imaging system software), it
releases an interlock on the therapeutic laser. Typically, this
interlock is one of a plurality of such safety devices, for
example, a safety interlock that is disengaged only if a key if
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physically turned to the “on” position, or a safety interlock
that is disengaged only if the handheld probe is pointed in a
downward direction. All interlocks (hardware and software)
typically are designed such that they must be disabled to
activate the therapeutic laser. Activating the therapeutic laser
automatically activates the imaging system shutter (if
installed) while the laser is in operation, and deactivates the
shutter when the laser is no longer in operation. The use of the
therapeutic laser typically will destroy any contrast agent
presentin the treated region; therefore, an additional software
function is provided to map the location of tumor positive
areas, retain them, and present them overlaid onto the ana-
tomical view, with proper registration. With this software
feature, the therapeutic laser interlock is tied to the imaging
system laser being in a tumor positive area and not actively
detecting tumor.

Method of Use of Therapeutic Lasers Integrated with the
Imaging System

[0203] As a baseline procedure, the patient typically is
administered contrast agent such as indocyanine green before
the procedure. In photodynamic therapy procedures, a pho-
tosensitizer such as porfimer sodium (Photofrin) or gold
nanoparticles are also administered. This photosensitizer
could be the same as the contrast agent or could be a separate
agent. The physician would inspect the area of the cancerous
lesion with the imaging device. If the physician intends to
treat using the therapeutic laser, they will indicate to the
system this intention through, for example, a foot pedal, but-
ton, switch, and the like. When the handheld or endoscopic
probe is pointed at a cancerous lesion, determined by the
imaging system, a pulse of energy from the therapeutic laser
is emitted.

Example 6
Software Applicable to a Cancer Detection Device

[0204] This example describes a software protocol that can
be used in the detection of cancer using the disclosed device.
This example is divided among the various program loops and
image processing tasks, as illustrated in this exemplary
method.

[0205] As described, the imaging platform includes a high-
resolution spectrometer (0.15 nm resolution) and a 200 mW,
785 nm diode laser (Class 3b) in a compact enclosure that is
fiber-coupled by a 5 m cable and terminating in a 1 cmx5 cm
handheld wand or “probe”. Remotely controlled optical
probes can be used in place of a handheld probe, as disclosed
herein. The other half of the imaging platform is a widefield
imaging system consisting of an 8 cmx10 cm aluminum
breadboard to which 2 NIR-sensitive black and white CCD
sensors, 1 color CCD sensor, a downward-facing C-mount
objective lens, and 90° silver-mirror are mounted. A finite/
infinite-conjugate relay lens system and multiple dichroic
mirrors; bandpass and longpass filters are used to both direct
light collected by the objective lens to all cameras and to
confer wavelength selectivity to each camera. The color cam-
era is used to display the surgical field, one NIR camera is
used to display any detected NIR contrast agent, and the
second NIR camera is used to track the position of the laser
excitation source. Data acquired by the NIR cameras is used
to composite a virtual overlay of contrast agent and laser
position onto the surgical field view. Spectrographic data is
combined with the laser position information is used to create
a spectrographic overlay. Use of both the fluorescence and
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spectrographic overlays is complementary; the fluorescence
overlay operates at real-time (30 fps) frame rate but is inca-
pable of distinguishing contrast agent fluorescence from
endogenous fluorescence sources or light scatter, whereas the
spectrographic acquisition time is 1-2 fps in standard usage
but has far greater discrimination of fluorescence sources.
[0206] This cancer detection device includes a strong local
(i.e. focused) excitation source for fluorophore excitation that
is coupled to a high-resolution spectrometer. The locally
excited fluorescence emission is then overlaid onto a view of
the surgical field. Some of the features or advantages
achieved by this design include the following.

[0207] (1) Using a local excitation source allows for
lower sensitivity (and lower cost) detectors to be used
without sacrificing the sensitivity or utility of the sys-
tem.

[0208] (2) The spectrometer allows for NIR contrast
agents to be distinguished from endogenous NIR-emit-
ting fluorophores, thus, the “NIR window” has a low but
non-zero autofluorescence background.

[0209] (3) A local excitation source gives an intuitive
sense for the location of detected contrast agent as the
definition the contrast agent is detected wherever the
spectrometer “pen” or optical probe is pointing.

[0210] (4) The strong local excitation used by this plat-
form overcomes the limited sensitivity problems inher-
ent in continuous wave imaging modalities.

[0211] (5) The use of a spectrometer in this platform
prototype allows not only for NIR contrast agents to be
discriminated against the biological background
through deconvolution, but also allows for SERS Raman
contrast agents to be used (not possible in any other
imaging system).

Thus, this cancer imaging platform uses focused excitation to
increase the detection limit of optical contrast agents. Com-
plimentary wide-field imaging and local spectroscopy of the
probe emission provides accurate intra-operative detection of
the contrast agent, and spectral deconvolution from back-
ground or multiple probes.

[0212] Reference is made to FIG. 17 for the Flowchart Key
that serves as a reference for FIGS. 18-27 in the discussion of
the software and processing aspects of this example.

Example 6A

[0213] Software Startup (200, FIG. 18). Software was ini-
tialized and a check that peripherals such as cameras, spec-
trometer are connected is carried out. Load the default values
for software configuration (like camera shutter speeds and
gain). If any errors occur, stop the program and inform the
user why; if no errors occur then execution continues to the
main program loop (210) until the user closes the program.

Example 6B

[0214] Main Program Loop (210, FIG. 19). Video frames
from the cameras are continuously acquired and displayed to
the user so long as the program is running. For every exposure
of the NIR camera and Laser camera, the frames are pro-
cessed to find the location of the probe and laser signal (250
for NIR, 240 for laser). The resulting masks showing the
location of the probe or laser signal are then sent to the display
mode selector procedure (220) which generates the overlay to
be displayed based on the preferences set by the user. The
overlay generated is sent to another procedure (260) to create
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the composite image. Not shown: the user can save the dis-
played images as single snapshots or as a video file—the data
saved is exactly what is displayed on screen. Not shown: ifthe
spectrometer is running, the resulting spectral data acquired
can be shown on screen.

Example 6C

[0215] Image processing: display mode selector (220, FIG.
20). The user is able to enable overlay of data from the NIR
camera or spectrometer for guidance; the user is also able to
enable the “Virtual Phosphorescence” display that assists in
determining the boundaries of the probe area.

[0216] If the NIR camera is used for guidance, the NIR
video frame will be used as the probe mask (this data was
already processed by 250).

[0217] If the spectrometer is used for guidance, then 1
spectrum will be acquired (the user sets the integration
time), this spectrum will then be processed to determine
if the probe is in the detection volume (230). If the
amount of probe detected is greater than the set user
threshold the laser position mask will be treated as the
probe mask, otherwise no mask will be used.

[0218] For whichever mask is used, the position mask is
returned to the main program loop (210) for overlay
unless “Virtual Phosphorescence” is used. If Virtual
Phosphorescence is used, then the VP display buffer is
“aged” (270) and whichever probe mask is selected is
placed on top of the buffer. This buffer is then compiled
(summed into one resultant mask) and then returned to
the main program loop (210) as one mask.

Not shown: if the spectrometer is being used for guidance,
then the shutter speed of the laser camera is matched to the
spectrometer. Not shown: the NIR camera can be reconfig-
ured as a new laser position camera so that the laser position
can still be shown.

Example 6D

[0219] Image processing: determine amount of probe in
recorded spectrum (230, FIG. 21). The user is able to selecta
“guidance mode” for the spectrometer that determines by
what methodology the recorded spectrum will be analyzed to
quantify the amount of detected probe. For ratiometric guid-
ance, the ratio of one or many pairs of points of the recorded
spectra (typically peaks and valleys) are calculated—Ilarger
values denote larger amounts of detected probe. For decon-
volution guidance, the recorded spectra is compared against
known-good spectrum using an algorithm such as non-nega-
tive least squares—larger values denote a better match
between the recorded and reference spectra and roughly cor-
relate to the amount of probe in the detected volume.

Example 6E

[0220] Imageprocessing: find laser position (240, F1G. 22).
The Laser camera frame is analyzed on a pixel-by-pixel basis.
If the pixel in question is between a user set threshold pair
(lower and upper), then the pixel of a mask to be generated is
set to ON; if the pixel in question is outside of the threshold
range, the pixel for the corresponding pixel on the mask is set
to OFF. This process makes the laser mask appear as a ring
around the laser position. Not shown; if the spectrometer is
being used for display guidance, then the upper threshold is
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set to the maximum value—the laser position is then shown as
a filled circle instead of a ring.

Example 6F

[0221] Image processing: find NIR probe position (250,
FIG. 23). The NIR camera frame is analyzed on a pixel-by-
pixel basis. If the pixel in question is above a set user thresh-
old, then the pixel mask to be generated is set to ON, other-
wise the pixel for the mask is get to OFF. The resulting mask
corresponds to the area where detected NIR probe is concen-
trated above a given quantity.

Example 6G

[0222] Image processing: create composite display (260,
FIG. 24). The user is able to enable the overlay of either probe
or laser position. If either or both are enabled, the masks are
summed opaquely with the widefield color video frame using
a false color that contrasts well with the surroundings: typi-
cally cyan for detected probe and magenta for the laser posi-
tion. When “Virtual Phosphorescance” display is used (se-
lected in 220 and processed in 27), the overlay is done
translucently, with the opacity corresponding to newer probe
masks.

Example 6H

[0223] Image processing: “age” probe buffer (for VP) (270,
FIG. 25). The “Virtual Phosphorescence” display mode is in
effect an analog time-delay and decay filter. When enabled, a
buffer of probe mask frames is created with a length equal to
the user set persistence time (the maximum time that the
phosphorescence effect can be seen). Each iteration of the
aging algorithm shifts each frame down one position in the
buffer. Then, each frame is multiplied by a decay constant:
this makes the contents of each frame appear “dimmer” after
each iteration. The decay constant can be a single value (e.g.
0.9 for a 10% intensify decrease every iteration) or an array of
values (e.g. 0 9 to 0.5 for a 10% to 50% intensity decrease
every iteration, with older frames dimming much faster),
these values can range linearly, logarithmically, or by another
distribution. FIG. 26 illustrates a graphical flowchart of the
processing algorithm for the Virtual Phosphorescence (VP)
component of image processing as disclosed in the examples.
The resulting multiframe structure is returned to 220 where
the newest probe frame is pushed onto the top position of the
buffer and compiled into one frame to be overlaid (described
in 220).

[0224] Finally, FIG. 27 illustrates a flowchart for one
embodiment for using the disclosed therapeutic laser.

Example 8
Detection of Murine GI Polyps

[0225] This example describes the detection of polyps in
the murine FAP model, Apcmin/+. This study was conducted
in two mice. Two mice were injected with 2 mg/kg ICG. One
mouse received ICG intravenously via a tail vein. The other
mouse was administered ICG intraperitoneally. After ICG
had circulated for 20 h, the mice were euthanized, the lower
GI was removed, washed extensively, sectioned roughly into
four segments; duodenum, jejunum, ilium, and cecum and
colon, and formalin fixed. The mice were then imaged using
the integrated imaging and spectroscopy imaging system as
provided in this disclosure.
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[0226] The following imaging protocol was used:

[0227] 1. Intestinal segments were rinsed with PBS. The
segments were placed on a dissection pad such that the
luminal side of the intestine was facing up (see FIG. 28).

[0228] 2. Next the “SpectroPen” handheld probe was
placed 1 cm above the intestinal tissue and clamped into
that position for consistent repetitive acquisitions. The 1
cm space between the SpectroPen and the tissue corre-
lates roughly to a 1 mm laser spot size.

[0229] 3. Spectra were acquired and recorded from
apparently healthy sections of the intestine (considered
background signal), and polyps. An integration time of 1
s was utilized.

[0230] 4. When the background signal (signal from
healthy intestine) was low enough, wide-field color
imaging with directed excitation provided by the Spec-
troPen was used.

General Observations

[0231] The mouse that receive a 2 mg/kg dose of ICG via a
tail vein had approximately 22 polyps in its small intestine as
detected by a dissection microscope and 1 large polyp in the
colon. Since these doses were at the maximum recommended
dose, the internal organs were briefly inspected for any aber-
rant signs of toxicity. In this mouse the organs appeared
healthy. The liver, kidney and spleen were normal color and
size. Also, no dramatic behavioral changes in the mouse were
observed. These findings are consistent with this dose being
within the safe limits of ICG.

[0232] The mouse that received the 2 mg/kg dose of ICG
intraperitoneally had approximately 44 polyps in the small
intestine and none in the cecum or colon. Upon observation of
the internal organs, a pale color was immediately noticed,
especially in the liver and kidneys, and the spleen was dark
red, nearly black. In addition, these organs were stiff and
inflexible. These observations were likely due to anemia since
the polyps in this mouse were numerous and large.

Comparison of Polyp and Background Signal

[0233] For both mice, a polyp of 1-2 mm in diameter gen-
erally was needed, the subject polyp being in relative isolation
from other polyps, for the polyp to be imaged without micro-
scope assistance. Therefore, for the mouse with i.v. ICG the
signal from 15 polyps was acquired and for i.p. mouse the
signal from 14 polyps was acquired, and in each mouse, 1-3
background spectral readings were recorded from each seg-
ment.

The 1.V. Injected Mouse

[0234] The mouse intravenously with ICG appeared to
have higher signal in polyps then in the background tissue as
shown in FIG. 29. There was considerable variation in the
signal intensity between different polyps and different back-
ground readings. Polyps found on the ilium had ICG signal
statistically significant from background signal (p=0.0252).
There were not enough data points to perform a statistical
analysts for the colon. However, there was a large difference
in the signal between the polyp and background.

[0235] To quantify the emission signal, the AUC of the
curve was calculated. Therefore, the signal intensity values in
FIG. 29 are not fully representative of the ICG signal being
emitted from either the background in some cases or the polyp
since the emission detector was saturated at this dose. For
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example, in FIG. 30, spectra of the background and a polyp in
the i.v. mouse’s duodenum are shown. It is apparent from
these curves that although the polyp does emit more signal,
this difference is not fully represented because the spectra
from the polyp from 300-1300 wavenumbers is out of the
range of the detector. The same is also true for background
spectra that saturate the detector in that this case may over-
represent the contrast.

1.P. Injected Mouse

[0236] Again in the GI tract of the mouse injected intrap-
eritoneally with ICG, the signal from ICG in the polyps was
greater than in the background as shown in FIG. 31. In the
jejunum this difference was significant (p=0.0016). Like the
i.v. injected mouse, these differences in the signal are not
completely known since the signal was saturated. In fact, the
relatively smaller variation observed for the polyps in the i.p.
mice compared to the i.v. injected mouse in FIG. 29 is likely
due to the signal being so strong in thei.p. injected mouse that
the detector was saturated except at the longest wavelengths
in the duodenum and jejunum.

Route of Administration and Effect on Background Signal

[0237] With respect to the imaging time that was used after
injection, i.e. 20, and the dose, 2 mg/kg, the route of admin-
istration has an effect on the background signal and thus the
contrast enhancement. As illustrated in FIG. 32, itis apparent
that the mouse injected intraperitoneally had a larger signal in
the GI tract compared to mouse injected 1.v. with ICG. Fur-
ther, there appears, at least after i.v. injection, that the back-
ground signal decreases as one images towards the colon.
While not intending to be bound by theory, it is believed that
this is related to the hepatobiliary clearance of ICG. It is
known that ICG is secreted entirely into bile. The bile duct
empties into the duodenum and thus ICG may be associated
with the intestinal mucosa. Thus, it is observed that back-
ground signal is lowest in the colon after i.v. administration.

Colon Polyp Detection

[0238] In the mouse injected with ICG via a tail vain, after
harvesting the tissues, a colonic polyp was observed. A
detailed investigation was performed on this polyp since
polyp identification during colonoscopy is of significant
interest. The polyp was approximately 4 mm in diameter and
was thus easy to identify without further visual aid, FIG. 33.
The ICG emission intensity of this polyp was similar to pol-
yps observed in the small intestine sections. However, since
the background ICG signal in the colon was lower compared
to other sections, the signal difference between the polyp and
healthy colon was dramatic and allowed segmentation for
integrated wide-field imaging. In addition to the polyp, a
strong signal in a lymph node in close spatial proximity to the
polyp also was observed. Thus, the ability to readily detect an
adenoma in this mouse model provides a significant advan-
tage over conventional technologies.

[0239] Insummary, in this example, an investigation of two
mice was carried out in which a higher signal in polyps
compared to healthy intestinal signal was clearly observed.
This difference was significant in three segments. Based on
the signal intensity data collected, a high background signal
decreases the contrast enhancement. When the background
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signal decreases in the ilium and colon, the polyps were
readily detected against background tissue.

[0240] While there have been shown several and alternate
embodiments of the present disclosure, it is to be understood
that certain changes can be made as would be known to one
skilled in the art without departing from the underlying scope
of'the disclosure as is discussed and set forth above. Further-
more, the embodiments described above are only intended to
illustrate the principles of the disclosure and are not intended
to limit the scope of the disclosure to the disclosed elements.

[0241] Unless indicated otherwise in this disclosure, when
a range of any type is disclosed or claimed, for example a
range of distance, wavelength, percent, or the like, it is
intended to disclose or claim individually each possible num-
ber that such a range could reasonably encompass, including
any sub-ranges encompassed therein. For example, when the
Applicants disclose or claim a range in time duration from
about 0.1 to about 1 second, Applicants’intent is to disclose or
claim individually every possible number that such a range
could encompass, consistent with the disclosure herein. Thus,
by the disclosure that a time adjustment can range from about
0.1 to about 1 seconds, Applicants intent is to recite that the
time adjustment can be about 0.1, about 0.2, about 0.3, about
0.4, about 0.5, about 0.6, about 0.7, about 0.8, about 0.9, or
about 1 second, including any ranges, sub-ranges, or combi-
nations thereof between any disclosed times. Accordingly,
Applicants reserve the right to proviso out or exclude any
individual members of any such group, including any sub-
ranges or combinations of sub-ranges within the group, that
can be claimed according to a range or in any similar manner,
if for any reason Applicants choose to claim less than the full
measure of the disclosure, for example, to account for a
reference that Applicants are unaware of at the time of the
filing of the application.

[0242] Unless otherwise stated, all publications and patents
mentioned in the disclosure are incorporated herein by refer-
ence in pertinent part, for the purpose of describing and
disclosing, for example, the constructs and methodologies
that are described in the publications, which might be used in
connection with the present disclosure. The publications dis-
cussed above and throughout the text are provided solely for
their disclosure prior to the filing date of the present applica-
tion. Nothing herein is to be construed as an admission that
the inventors are not entitled to antedate such disclosure by
virtue of prior invention. Should the usage or terminology
used in any reference that is incorporated by reference con-
flict with the usage or terminology used in this disclosure, the
usage and terminology of this disclosure controls. The
Abstract of the disclosure is provided herewith to satisfy the
requirements of 37 C.F.R. §1.72 and the purpose stated in 37
CFR. §1.72(b) “to enable the United States Patent and
Trademark Office and the public generally to determine
quickly from a cursory inspection the nature and gist of the
technical disclosure.”” The Abstract is not intended to be used
to construe the scope of the appended claims or to limit the
scope of the subject matter disclosed herein. Any use of the
past tense to describe an example otherwise indicated as
constructive or prophetic is not intended to reflect that the
constructive or prophetic example has actually been carried
out.
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CHART 1

Parts list for the fundamental integrated imaging device and method.

Part
No.

Part

Manufacturer

Description/Function

100

102

104

106

108

110

112

114

116

118

120

122

124

126

128

130

“White” LED lamp

Laser excitation
source/spectrometer
Handheld wand

Fiber optic cable
UV-NIR compact lens

Correction lens

Silver mirror

Short pass dichroic filter

Short pass dichroic filter

Long pass filter

Band pass filter

NIRCCD video camera

OD1 neutral density filter

Color CCD video camera

Casing

Computer

Lights of America
Delta Nu

Delta Nu

Delta Nu
Schneider Optics

Melles-Griot

Thor

Melles-Griot

Melles-Griot

Chroma

Omega

AlliedVision Tec

Thor

Allied VisionTec

Thor

TBD

Provides wide-field illumination for target area. White LEDs do not have any
emission in the near infrared (NIR) range

Houses 200 mW 785 nm laser diode for focused optical excitation. Also houses
spectrophotometer for fluorescence and/or Raman emission from target area.

Used to guide the focus excitation to the specific location of interest within the
target area.

Transmits excitation laser light to handheld probe(104) and collects emission light or
scattered light for spectroscopy (102)

Main lens; F1.9/35 mm, 216 mm working distance, 24" sensor format, focuses on
and collects all light emission from target field.

(a) Achrornatic lens that infinity corrects the image focused by the main lens; (b, ¢)
achromatic lens that focuses the infinity corrected image into the NIR and laser
camera’s, respectively; (d)achromatic lens that focuses infinity corrected image into
the color camera. Achromatic lenses 110a. 110b, and 110c are HEBBAR multilayer
700-1100 nm coated and 110d is MgF,-400-700 nm coated.

The silver protected morrow reflects the infinity corrected image 90 into image
system casing that contains filtering components and cameras; >96% reflectivity
from 400-2000 nm.

800 nm short pass dietectric dichroic filter, reflects light greater than 800 nm towards
NIR camera (122a), white light less than 800 nm passes through the dichroic to be
further filtered for the laser and color video channels.

650 nm short pass dietectric dichroic reflects light less than 800 nm (because of first
dietectric filter, part 114) and greater than 650 nm towards the laser channel (122b).
Light less than 650 nm goes directly into the color channel camera (126)

Long pass filter that artenuates light below 810 nm and passes light great than 810
nm to the NIR camera (122a), this filter is mostly needed to block bleed through
excitation light from the 785 nm laser.

Band pass filter that further defines that wavelength of light that passes to the NIR
camera (122a), allows a range of light that is matched with the optical probe of
choice

Real time (40 frame/sec) C-mount NIR video camera with %%’ Sony interfaced
HAD CCD sensor to spatially detect (a) fluorescence or Raman emission and (b)
localized laser excitation. Produces 492 x 768 pixel images with 8-bit resolution.
Neutral density filter that allows 10% light transmittance; is located immediately
before the laser channel NIR video camera (1226). Antireflection coated for650-
1050 nm.

Real time (40 frame/sec) C-mount color video camera with %' Sony interlaced
HAD CCD sensor to provide operator with spatial relativity for NIR and laser
channels. Produces 492 x 768 pixel images with 8-bit resolution.

10" x 12" optical bread board and casing for the wide-field optical imaging
components

Computer for importing of data from spectrophotometer (102) and the three video
cameras (122a, 122b, 126) Processes signals and images and integrates into a single
software package specifically developed for this application.

CHART 2

CHART 2-continued

Parts list and Figures Labels for FIGS. 14-16

Parts list and Fig res Labels for FIGS. 14-16

Number Description Number Description

200 Video processor 310 Widefield imaging system
201 Widefield imaging system electronic connection 312 Multispectral camera sensor
210 Widefield imaging system 315 Widefield imaging system lens
211 Camera sensor 330 Video endoscope handpiece
213 Optical filters and mirrors 331 Video endoscope
215 Collimating lens(es) 335 Video endoscope, remote end
220 Optomechanical coupler 400 Video processor
221 Mechanical coupler, fiberscope eyepiece side 401 Video endoscope electronic connection
222 Mechanical coupler, widefield imaging side 410 Widefield imaging system
225 Optical elements of coupler 411 Camera sensor )
230 Fiberscope handpiece 413 Optical filters and mirrors
231 Fiberscope 415 ngeﬁel(:iimaginisy(sitelm lens
233 Fiberscope eyepiece 430 V% 0 encoscope andpiece

. 431 Video endoscope
235 Fiberscope lens, remote end .

., 435 Video endoscope, remote end
300 Video processor
301 Video endoscope electronic connection
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We claim:

1. A system for intra-operatively providing anatomical
guidance in a diagnostic or therapeutic procedure, compris-
ing:

(a) a first light source configured to emit a beam of visible

light to an area of interest of a living subject;

(b) a second light source configured to emit a beam of
near-infrared light to the area of interest;

(c) an optical probe optically coupled to the second light
source, comprising an optical fiber configured to deliver
the emitted beam of near-infrared light to illuminate the
area of interest and configured to collect light that is
scattered or emitted from a contrast agent introduced
into target tissues in the area of interest, in response to
illumination by the second light source;

(d) a first electronic imaging device optically coupled to the
optical probe and configured to detect the collected light
and to generate a corresponding signal that comprises
collected light data, and wherein the optical probe is
further configured to transmit the collected light to the
first electronic imaging device through the optical fiber;

(e) asecond electronic imaging device configured to detect
visible light that is emitted from the area of interest in
response to illumination by the first light source and to
generate a corresponding signal comprising visible light
data;

() a third electronic imaging device configured to detect
near-infrared light having a first predetermined wave-
length that is emitted from the area of interest in
response to illumination by the second light source and
to generate a corresponding signal comprising a first set
of near-infrared light data;

(g) a fourth electronic imaging device configured to detect
near-infrared light having a second predetermined
wavelength that is different from the first predetermined
wavelength and that is emitted from the area of interest
in response to illumination by the second light source,
and to generate a corresponding signal comprising a
second set of near-infrared light data;

(h) a display for displaying at least one visual representa-
tion of data; and

(i) a controller in communication with each of the first light
source, second light source, first electronic imaging
device, second electronic imaging device, third elec-
tronic imaging device, fourth electronic imaging device,
and display, and programmed to generate at least one
real-time integrated visual representation of the area of
interest from each of the collected light data, visible light
data, first set of near-infrared light data, and second set
of near-infrared light data and to display the at least one
real-time visual representation on the display, for guid-
ance during the diagnostic or therapeutic procedure.

2. A system according to claim 1, further comprising a
speaker, wherein the programmer is further programmed to
generate at least one real-time aural representation of the area
of interest from each of the collected light data, first set of
near-infrared light data, and second set of near-infrared light
data and to emit a sound for the at least one real-time aural
representation through the speaker, for guidance during the
diagnostic or therapeutic procedure.

3. A system according to claim 1, wherein the optical probe
is integral to an endoscopic device or a therapeutic laser
system.
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4. A system according to claim 1, wherein the optical probe
is integral to an endoscopic device selected from an endo-
scope, a colonoscope, a microscope, a surgical microscope,
an arthroscope, a laparoscope, a thoracoscope, a mediastinan
endoscope, a hysteroscope, a cyctoscope, a ureteroscope, a
stereomicroscope, a colposcope, a fiber-optical system, or a
rigid optical systems.

5. A system according to claim 1, wherein the optical probe
is integral to a borescope or a video endoscope endoscopic
device.

6. A system according to claim 1, wherein the contrast
agent comprises at least one of a Raman probe and a fluores-
cence probe and the collected light data comprises at least one
of Raman data and fluorescence data, respectively.

7. A system according to claim 6, wherein the at least one
integrated visual representation comprises a wide-field image
of the area of interest generated from the visible light data, a
laser excitation image of a selected area of the area of interest
defined within the wide-field image and generated from at
least one of the generated first set of near-infrared light data
and the generated second set of near-infrared light data, and at
least one of a Raman image generated from the Raman data
and a fluorescence image generated from the fluorescence
data, wherein the at least one of the Raman image and fluo-
rescence image is defined within the wide-field image and the
laser excitation image.

8. A system according to claim 7, wherein the at least one
of'the Raman image and the fluorescence image is an overlay
image on the laser excitation image.

9. A system according to claim 8, wherein the first imaging
device comprises a spectrometer and each of the second
imaging device, third imaging device, and fourth imaging
device comprises a CCD or CMOS camera.

10. An imaging system using integrated bright-field imag-
ing, near-infrared imaging, and at least one of Raman imaging
and fluorescence imaging for intra-operatively evaluating tar-
get tissues in an area of interest of a living subject, compris-
ing:

(a) a first light source for delivering a beam of visible light
to the area of interest and a second light source for
delivering a beam of near-infrared light to the area of
interest;

(b) aRaman and fluorescence imaging means, comprising:
(i) a optical probe optically coupled to the second light

source for delivering the near infrared light to illumi-
nate target tissues of the area of interest and for col-
lecting at least one of scattered light and emitted light
from a corresponding at least one of a Raman probe
and a fluorescence probe that is introduced into the
target tissues and illuminated by the second light
source, the optical probe integral to an endoscopic
device; and

(ii) a first electronic imaging device in communication
with the optical probe for obtaining at least one of
Raman data from the collected scattered light and
fluorescence data from the collected emitted light,
respectively; and

(c) a bright-field imaging means, comprising:

(i) a second electronic imaging device for obtaining
visible light data from visible light emitted from the
area of interest in response to illumination by the first
light source;

(i1) a third electronic imaging device for obtaining a first
set of near-infrared data from light having a first pre-
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determined wavelength that is emitted from the area
of interest in response to illumination by the second
light source; and

(iii) a fourth electronic imaging device for obtaining a
second set of near infrared data from light having a
second predetermined wavelength that is different
from the first predetermined wavelength and that is
emitted from the area of interest in response to illu-
mination by the second light source.

11. An imaging system according to claim 10, wherein the
optical probe is integral to an endoscopic device or a thera-
peutic laser system.

12. An imaging system according to claim 10, wherein the
optical probe is integral to an endoscopic device selected
from an endoscope, a colonoscope, a microscope, a surgical
microscope, an arthroscope, a laparoscope, a thoracoscope, a
mediastinan endoscope, a hysteroscope, a cyctoscope, a ure-
teroscope, a stereomicroscope, a colposcope, a fiber-optical
system, or a rigid optical systems.

13. An imaging system according to claim 10, wherein the
optical probe is integral to a borescope or a video endoscope
endoscopic device.

14. An imaging system according to claim 10, wherein the
bright-field imaging means further comprises:

(iv) an optical port;

(v) a system lens comprising a UV-NIR compact lens and

a first focusing lens group;

(vi) a trichroic prism or a pair of dichroic mirrors;

(vii) a first laser attenuating filter;

(viii) a bandpass filter;

(ix) a second laser attenuating filter;

(x) a second focusing lens group, a third focusing lens

group, and a fourth focusing lens group;

wherein the optical port and the first electronic imaging
device define a first optical path therebetween having
the trichroic prism or the pair of dichroic mirrors and
the second focusing lens group, wherein the optical
port and the second electronic imaging device define
a second optical path therebetween having the trich-
roic prism or the pair of dichroic mirrors, first laser
attenuating filter, and third focusing lens group, and
wherein the optical port and the third electronic imag-
ing device define a third optical path therebetween
having the trichroic prism or the pair of dichroic mir-
rors, the second laser attenuating filter, bandpass fil-
ter, and fourth focusing lens group.

15. An imaging system according to claim 10, further com-
prising:

(d) a display for displaying at least one visual representa-

tion of data;

(e) a speaker for emitting at least one aural representation

of data; and

(f) a controller in communication with each of the first light

source, second light source, first imaging device, second
imaging device, third imaging device, fourth imaging
device, display, and speaker, and programmed for gen-
erating in real-time at least one integrated visual repre-
sentation and the at least one aural representation of the
area of interest from the visible light data, first set of
near-infrared data, second set of near-infrared data, and
at least one of the Raman data and fluorescence data and
displaying the integrated visual representation on the
display and emitting the at least one aural representation
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through the speaker, to provide guidance for performing
a diagnostic or therapeutic procedure.

16. An imaging system according to claim 10, wherein the
at least one real-time integrated visual representation of the
area of interest comprises a wide-field image of the area of
interest generated from the visible light data, a laser excita-
tion image of a predetermined area defined within the wide-
field image that is generated from at least one of the first set of
near-infrared data and the second set of near-infrared data,
and at least one of a Raman image and a fluorescence image
that is generated from a corresponding at least one of the
Raman data and fluorescence data.

17. An imaging system according to claim 10, wherein:

(a) the laser excitation image is an overlay image on the
wide-field image and represents the location of the deliv-
ered beam of near-infrared light within the area of inter-
est;

(b) the at least one of the Raman data and fluorescence data
is represented by a signal that, when exceeding a pre-
defined threshold level, signifies disease in the target
tissues;

(c) the at least one of the Raman image and the fluorescence
image is a color overlay image on the laser excitation
image, having an opacity representative of the level of
the signal exceeding the predefined threshold level; and

(d) the opacity of the color overlay image decays over time
to be progressively more translucent relative to the laser
excitation image.

18. An imaging system according to claim 10, wherein

(a) at least one of the Raman data and fluorescence data is
represented by a signal that, when exceeding a pre-
defined threshold level, signifies disease in the target
tissues; and

(b) at least one of the Raman data and fluorescence data is
an aural signal, having a representation that is propor-
tional to the level of the signal exceeding the predefined
threshold level.

19. A method for intra-operatively providing anatomical
guidance in a diagnostic or therapeutic procedure, compris-
ing the steps of:

(a) introducing at least one contrast agent into target tissues

in an area of interest of a living subject;

(b) emitting a beam of visible light to the area of interest,
using a first light source;

(c) emitting a beam of near-infrared light to the area of
interest, using a second light source;

(d) delivering the emitted beam of near-infrared light to
illuminate the area of interest, using an optical fiber of a
optical probe that is optically coupled to the second light
source;

(e) collecting at least one of scattered light and emitted
light from the contrast agent in response to illumination
by the second light source, using the optical fiber of the
optical probe, wherein the contrast agent comprises at
least one of a Raman probe and a fluorescence probe;

(f) detecting the collected light and generating a corre-
sponding signal that comprises collected light data,
using a first electronic imaging device that is optically
coupled to the optical fiber, and wherein the optical fiber
is further configured to deliver the collected light to the
first electronic imaging device;

(g) detecting visible light that is emitted from the area of
interest in response to illumination by the first light
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source and generating a corresponding signal compris-
ing visible light data, using a second electronic imaging
device;

(h) detecting near-infrared light having a first predeter-
mined wavelength that is emitted from the area of inter-
est in response to illumination by the second light source
and generating a corresponding signal comprising a first
set of near-infrared light data, using a third electronic
imaging device;

(i) detecting near-infrared light having a second predeter-
mined wavelength that is different from the first prede-
termined wavelength and that is emitted from the area of
interest in response to illumination by the second light
source and generating a corresponding signal compris-
ing a second set of near-infrared light data, using a fourth
electronic imaging device;

(j) generating at least one real-time integrated visual rep-
resentation of the area of interest from the collected light
data, visible light data, first set of near-infrared data, and
second set of near-infrared data, using a controller in
communication with each of the first electronic imaging
device, second electronic imaging device, third elec-
tronic imaging device, and fourth electronic imaging
device; and

(k) displaying the at least one real-time integrated visual
representation generated by the controller, for guidance
during a diagnostic or therapeutic procedure, using a
display in communication with the controller.

20. A method according to claim 19, further comprising the

steps of

(1) generating at least one real-time aural representation of
the area of interest from the collected light data, first set
of near-infrared data, and second set of near-infrared
data, using a controller in communication with each of
the first electronic imaging device, second electronic
imaging device, third electronic imaging device, and
fourth electronic imaging device; and

(m) emitting the at least one real-time aural representation
generated by the controller, for guidance during a diag-
nostic or therapeutic procedure, using a speaker in com-
munication with the controller.

21. A method according to claim 19, wherein the optical
probe is integral to an endoscopic device or a therapeutic laser
system.

22. A method according to claim 19, wherein the optical
probe is integral to an endoscopic device selected from an
endoscope, a colonoscope, a microscope, a surgical micro-
scope, an arthroscope, a laparoscope, a thoracoscope, a medi-
astinan endoscope, a hysteroscope, a cyctoscope, a uretero-
scope, a stereomicroscope, a colposcope, a fiber-optical
system, or a rigid optical systems.

23. A method according to claim 19, wherein the optical
probe is integral to a borescope or a video endoscope endo-
scopic device.

24. A computer-readable medium having stored thereon
computer-executable instructions which, when executed by a
controller, cause a computer to perform functions for intra-
operatively providing anatomical guidance in a surgical pro-
cedure, the functions comprising:

(a) causing a first light source in communication with the
controller to emit a beam of visible light to an area of
interest of a living subject;

(b) causing a second light source optically coupled to an
optical fiber of an optical probe and in communication
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with the controller to emit a beam of near-infrared light
to the area of interest through the optical fiber;

(c) causing the optical fiber of the optical probe to collect at
least one of light scattered from a Raman probe intro-
duced into the target tissues in response to illumination
by the second light source and light emitted from fluo-
rescence probe introduced into the target tissues in
response to illumination by the second light source, the
optical probe is integral to an endoscopic device or a
therapeutic laser system;

(d) causing a first imaging device in communication with
the controller and the optical fiber to detect at least one of
light that is scattered from the Raman probe and light
that is emitted from the fluorescence probe, and col-
lected through the optical fiber, in response to illumina-
tion from the second light source;

(e) causing the first imaging device to generate at least one
of a signal from the detected scattered light that com-
prises Raman data and a signal from the detected emitted
light that comprises fluorescence data, respectively;

(f) causing a second imaging device that is in communica-
tion with the controller to detect visible light that is
emitted from the area of interest in response to illumi-
nation by the first light source, and causing the second
imaging device to generate a corresponding signal com-
prising visible light data;

(g) causing a third imaging device that is in communication
with the controller to detect near-infrared light having a
first predetermined wavelength that is emitted from the
area of interest in response to illumination by the second
light source and causing the third imaging device to
generate a corresponding signal comprising a first set of
near-infrared light data;

(h) causing a fourth imaging device that is in communica-
tion with the controller to detect near-infrared light hav-
ing a second predetermined wavelength that is different
from the first predetermined wavelength and that is emit-
ted from the area of interest in response to illumination
by the second light source, and causing the fourth imag-
ing device to generate a corresponding signal compris-
ing a second set of near-infrared light data;

(1) generating at least one real-time integrated visual rep-
resentation of the area of interest from the visible light
data, first set of near-infrared data, second set of near-
infrared data, and at least one of the Raman data and
fluorescence data; and

(j) causing a display in communication with the controller
to display the generated at least one real-time integrated
visual representation for guidance during a diagnostic or
therapeutic procedure.

25. A computer-readable medium according to claim 24,

wherein the functions further comprise:

(k) generating at least one real-time aural representation of
the area of interest from at least one of the Raman data
and fluorescence data; and

(1) causing a speaker in communication with the controller
to emit a the generated at least one real-time aural rep-
resentation for guidance during a diagnostic or therapeu-
tic procedure.

26. A method for intra-operatively identifying disease in
target tissues in an area of interest of a living subject, to be
resected in a diagnostic or therapeutic procedure, comprising
the steps of:
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(a) introducing at least one of a Raman probe and a fluo-
rescence probe into the area of interest until the at least
one probe has accumulated in the target tissues;

(b) preparing the living subject and the area of interest for
a diagnostic or therapeutic procedure;

(c) initializing an imaging system for integrated bright-
field imaging, near-infrared imaging, and at least one of
Raman imaging and fluorescence imaging;

(d) beginning the diagnostic or therapeutic procedure in the
area of interest;

(e) using a first real-time integrated visual representation of
the area of interest and the target tissues, generated by
the imaging system, to identify a boundary of the target
tissues that are diseased;

(f) performing a surgical resection of the identified dis-
eased target tissues within the boundary;

(g) after the surgical resection, using a second displayed at
least one real-time integrated visual representation of
the area of interest and the target tissues, generated by
the imaging system, to identify any remaining diseased
target tissues within the boundary; and

(h) if any remaining diseased target tissues are identified,
performing a series of further surgical resections on
identified remaining diseased target tissues correspond-
ing to a respective series of real-time integrated visual
representations generated by the imaging system, until
the area of interest is free from diseased target tissues;

wherein the imaging system is a system according to claim
1; and the optical probe is integral to an endoscopic
device, or a therapeutic laser system.
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27. A method according to claim 26, wherein the step of
identifying the boundary of the target tissues that are diseased
and the step of identifying any remaining diseased target
tissues within the boundary comprise identifying visual rep-
resentations of the first set of near-infrared light data, second
set of near-infrared light data, and collected light data that are
displayed in a selected area of the integrated visual represen-
tation.

28. A method according to claim 26, wherein:

(a) the visual representation of the first set of near-infrared
data and second set of near-infrared data is a laser exci-
tation image that represents the location of the delivered
beam of near-infrared light within the area of interest,
and that is displayed as a color overlay image on the
wide-field image;

(b) the signal representing the collected light data that is
generated by the first imaging device, when exceeding a
predetermined threshold level, signifies disease in the
target tissues;

(c) the visual representation of the collected light data is a
color overlay image on the laser excitation image, hav-
ing an opacity representative of the level of the signal
exceeding the predefined threshold level; and

(d) the opacity of the color overlay image that represents
the collected light data decays over time to be progres-
sively more translucent relative to the laser excitation
image.
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