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Figure 1. Overall System Schematic Diagram
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Figure 3. Example Conventional Optical Scope Optics Diagram
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Figure 4. Beam Splitter/Mirror Configuration and Enhanced
Operation Enabler/Disabler
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Figure 5. Multiple-Frequency Optical Imaging Subsystem
Schematic Diagram
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Figure 6. Light Path Conceptual Flowchart
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Figure 7. Computational System Conceptual Flowchart
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Figure 8. Diagnosis Flowchart
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Figure 9. Diagram of Initial MWIOS Prototype, First Iteration
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Figure 10. Diagram of Initial MWIOS Prototype, Second
Iteration
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APPARATUS, SYSTEM AND METHOD FOR
OPTICALLY ANALYZING A SUBSTRATE

[0001] The present application is based on and claims
priority to Provisional U.S. patent application Ser. No.
60/634,510, entitled “Optical Detection and Classification of
Pre-Cancers and Cancers via Endoscopes, Colposcopes, and
Optical Systems,” filed on Dec. 9, 2004 by Kurtis Keller et
al.

1 FIELD OF THE INVENTION

[0002] The present invention relates to an apparatus, sys-
tem and method for optically analyzing a substrate. The
invention also relates to a multiple wavelength-imaging
optical subsystem (MWIOS) for use in an apparatus of the
invention. Further, the invention relates to optical scopes,
such as diagnostic scopes, which include the MWIOS, and
to optical scope systems which may also include light
emitting, collecting, and analysis capability for analysis
and/or diagnosis of tissue abnormalities, particularly human
tissue abnormalities. The invention also relates to methods
of using the apparatus, system and method of the invention
in the analysis of a substrate, such as a tissue substrate,
particularly a human tissue substrate, and for use in analysis
and/or diagnosis of tissue abnormalities, particularly human
tissue abnormalities.

2 BACKGROUND OF THE INVENTION

[0003] According to the American Cancer Society, 1,372,
910 Americans will be diagnosed with cancer in 2005, not
including basal and squamous cell skin cancers, with which
more than a million people will be diagnosed in the U.S. this
year. Approximately 570,280 people in the U.S. will die of
cancer this year (2005); this is equivalent to the deaths of
1,562 people per day. In terms of specific cancers, 16,380
women will be diagnosed in the U.S. this year (2005) with
cancers of the cervix, vulva and vagina, while 149,280
Americans will be diagnosed with cancers of the colon,
rectum, anus, anal canal and anorectum. The number of lives
claimed by these diseases in the U.S. is estimated to be 5,390
and 56,910, respectively.

[0004] Due in large part to a rise in early detection
techniques, the five-year survival rate for all cancers in the
U.S. is increasing, from 50% in 1974-1976, to 64% between
1995 and 2000, Furthermore, the number of deaths from
cervical cancer dropped by 74% between 1955 and 1992,
again primarily due to eatly detection, and the pervasiveness
of the Pap smear test [NCI04]. Today, the five-year relative
survival rate for invasive cervical cancer discovered during
its earliest stage is nearly 100% [ACS04]. However, trends
in survival rates for colorectal cancers are not as encourag-
ing. While the five-year survival rate for colorectal cancers
caught in the earliest stages is 90%, only an estimated 39%
of cases are discovered before more permanent damage is
done. A lack of symptoms at early stages is chiefly respon-
sible for this low percentage, suggesting that improved
screening capabilities will result in a reduction of morbidity
and mortality associated with these conditions.

[0005] There is a need in the art for improved methods of
detecting tissue lesions, like cancerous and pre-cancerous
lesions. With respect to cervical cancer, the Papanicolaou
(Pap) test, the dominant standard in cervical cancer screen-
ing, has been an invaluable tool in early detection of this
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disease, but it has many limitations. The accuracy of the Pap
test is reported to be difficult to quantify for various reasons;
a meta-analysis done by Fahey, et al. in 1995 asserted that
the true sensitivity and specificity of the test lay somewhere
in the ranges 11-99% and 14-97% respectively [FAHE95].
When abnormal Pap test results are received, a subject will
then typically undergo a colposcopic examination for further
analysis.

[0006] However, colposcopy has been reported to have
significant shortcomings as well. Since the colposcope is in
essence a low-power microscope, and the earliest pre-
cancers are barely visible to the naked eye even under
magnification, the physician’s ability to recognize pre-can-
cerous lesions increases to acceptable levels only as he/she
becomes more experienced [BUXT91]. Mitchell, et al. per-
formed a meta-analysis of colposcopy and reported that
when conducted by experts it achieves high sensitivity (the
weighted average of several surveys was 96%), but still
reaches an average specificity of only 48% [MITC98].
Because of this low specificity, over $6 B is spent annually
on biopsy confirmation (the next step after colposcopy) in
the U.S. [CANT98]. Thus, Homung, et al. concluded that
“there is a strong need for additional diagnostics that could
become rapid, ‘online’ procedures implemented by physi-
cians and nurse practitioners. Overall, this would facilitate
more sensitive and cost-effective screening and follow-up of
pre-malignant lesions”[HORN99]. This need extends to
other lesions, such as colorectal cancer, and other epithe-
lium-based cancers to provide an expeditious, scientifically
objective method of diagnosis.

3 SUMMARY OF THE INVENTION

[0007] The invention includes an apparatus for optically
analyzing a substrate. The apparatus generally includes a
light source for directing light onto the substrate; optics for
creating an optical path from light reflected from the sub-
strate; a multiple wavelength imaging optical subsystem
(MWIOS) positioned in the optical path; and an imaging
device positioned in the optical path. The MWIOS generally
includes one or more filters, which can be alternatively or
sequentially interposed in the optical path to extract wave-
lengths or wavelength bands of interest and/or which may
have their wavelength selectivity adjusted to extract one or
more wavelengths or wavelength bands of interest; and one
or more imaging devices positioned to image the extracted
wavelengths or wavelength bands of interest from the one or
more filters. The apparatus of the invention may also include
a means for transmitting image data from the one or more
imaging devices, which means can be electronically coupled
to a system to permit transmission of data from the imaging
device to the system.

[0008] The invention also includes an optical scope
employing the apparatus of the invention. Typically, the
optics of the apparatus are configured to permit a user to
view the substrate via the optics. In some cases, the optical
scope is configured for medical use. For example, the optical
scope may suitably be configured to permit a user to view an
organ or anatomical region selected from the group consist-
ing of one or more of airway, bronchi, vagina, cervix, uterus,
urinary tract, bladder, esophagus, stomach, duodenum, rec-
tum, sigmoid colon, colon, abdominal cavity, pelvic cavity,
thoracic cavity, and epidermis. In some cases the optical
scope is configured as an endoscope, such as a colonoscope
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or colposcope. The optical scope may also be configured as
a microscope. In other embodiments, the optical scope is
configured as a bronchoscope, colonoscope, colposcope,
cystoscope, esophagogastroduodenoscope, hysteroscope,
laparoscope, proctosigmoidoscope, or thorascope.

[0009] In some cases, the substrate analyzed using the
optical scope of the invention is tissue, for instance, human
tissue or animal tissue. In a preferred embodiment, the
optical scope 1s configured to capture a full-frame image of
an area of the tissue to be examined. For example, in some
cases the tissue area to be examined is from about 2 to about
80 mm across at its widest cross-section, preferably from
about 5 to about 50 mm across at its widest cross-section. In
other embodiments, the area of the tissue to be examined is
from about 2 to about 15 mm across at its widest cross-
section. The full-frame image may, for example, include a
number of pixels between 4,000 and 16,000,000 (or higher).
In a preferred embodiment, the full-frame image includes a
number of pixels between 4,000 and 16,000,000, and the
area to be examined is between 2 mm and 80 mm at its
widest cross-section or from about 5 to about 50 mm across
at its widest cross-section.

[0010] The invention also includes a system which
includes the optical scope or apparatus of the invention. In
such a system, the optical scope is electronically coupled
(e.g., by wire, optical or wireless communications) to a
computer system. The computer system may, for example,
include typical components of a desktop or laptop computer,
such as a computer processor; a means for transmitting
image data from the one or more imaging devices to the
computer processor; an input device electronically coupled
to the computer processor; and/or an output device elec-
tronically coupled to the computer processor. Preferably the
computer is programmed (e.g., includes code loaded in the
computer processor and/or stored on a disk) to permit the
user to control one or more system capabilities. The means
for transmitting image data from the one or more imaging
devices to the computer processor may be any means for
electronically transmitting data, for example, a wireless
communications device.

[0011] Typically the system is programmed and config-
ured to permit electronic storage and/or transmission of data
from the images. For example, the system may be pro-
grammed and configured to permit electronic transmission
of image data. Further, the system is suitably programmed
and configured to display analytical results for viewing by
the user via the eyepiece of the user interface or via the user
console. The system may also be programmed and config-
ured to operate in one or more processing modes, such as
continuous-processing mode, thereby acquiring new sets of
imagery on which to perform diagnostic analysis in a
continuous, uninterrupted manner, and/or single-frame pro-
cessing mode, in which the user triggers the acquisition and
analysis of a single set of images.

[0012] In some embodiments, the system of the invention
is programmed to analyze optical data from the images. The
optical data may, for example, include optical properties,
such as the scattering and/or absorbing properties of the
substrate. The analysis can be made by measuring the
change in the intensity of reflected light over a predeter-
mined spectral range. In certain preferred embodiments, the
substrate analyzed comprises tissue, for instance, human
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tissue or animal tissue, and the computer system is pro-
grammed to conduct analysis of the image data from the one
or more imaging devices. Preferably the system is config-
ured to image and to analyze a full-frame image of the tissue.
For example, in one embodiment, the optical scope of the
system is configured as a colposcope; the colposcope is
configured to capture a full-frame image of the cervix; and
the system is programmed to analyze the full-frame image.
Also, for example, in some embodiments, the system is
configured to capture a full-frame image of the cervix
wherein the image comprises between 4,000 and 16,000,000
pixels. In other embodiments, the image comprises at least
19,000 pixels, 60,000, pixels, at least 100,000 pixels, at least
500,000 pixels, or at least 1,000,000 pixels.

[0013] As noted above, the apparatus of the invention
includes a light source for illuminating a substrate. The light
source may, for example, emit wavelengths comprising
wideband white light, including all or portions of the visible,
near-infrared and infrared ranges. The light source may, for
example, include a physically continuous light source, a ring
light, and/or one or more point light sources. The light
source may be filtered to remove wavelengths not of interest.
For example, wavelengths that can cause image corruption
and/or undesirable thermal effects in the images and/or
patient discomfort may be removed. Further, the light source
may be supplemented with additional light in one or more
wavelengths of interest. In certain embodiments, the light
source does not include or consist of a xenon light source.
Further, in some embodiments, the light source does not
include or consist of a UV light source. In some embodi-
ments, the light source includes neither a xenon light source
nor a UV light source. The system analyzes wavelengths of
interest, which are in some embodiments selected from
wavelengths within the visible, near-infrared and infrared
bands of light. In some embodiments, the light source emits
light comprising one or more wavelengths selected from the
group consisting of visible, near-infrared and infrared bands
of light. The analyzed wavelengths of interest may in some
embodiments include individual wavelengths, combinations
of individual wavelengths, or wavelength bands from the
visible, near-infrared and infrared ranges.

[0014] As noted above, the apparatus of the invention
includes an MWIOS. Typically, the MWIOS includes 1, 2,
3, 4, 5, 6 or more filters for isolating wavelengths or bands
of interest. Suitable filters may, for example, include inter-
ference filters, dichroic filters, multiple-wavelength filters,
and/or band-pass filters. The MWIOS also includes 1, 2, 3,
4, 5, 6 or more imaging devices for imaging wavelengths or
bands of interest from the filters. In some embodiments the
MWIOS includes one imaging device corresponding to each
filter.

[0015] One or more of the imaging devices may be
selected for its capacity to image light from its correspond-
ing filter. The imaging devices may, for example, image a set
of one or more continuous or discrete wavelengths or
wavelength bands from the visible and/or near-infrared
(NIR) ranges. In a preferred embodiment, the MWIOS
includes 2, 3, 4, 5, 6 or more filters ordered in a series, where
each filter in the series (a) permits a pre-selected set of one
or more continuous or discrete wavelengths or wavelength
bands to pass through and into an optical path that is directed
to and imaged by an imaging device, and (b) reflects light
that does not pass through the filter to a next filter in the
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series; and (c) functions (a) and (b) are performed by all
filters in the series in succession until a final filter, which
reflects any remaining light to an absorbent substrate.

[0016] In certain embodiments, the one or more imaging
devices of the MWIOS have the capacity to simultaneously
or substantially simultaneously image a set of one or more
continuous or discrete wavelengths or wavelength bands
selected for spectrally distinctive behavior when interacting
with the physical or chemical components of a tissue abnor-
mality.

[0017] In certain embodiments, the imaging devices
simultaneously or substantially simultaneously image a set
of one or more continuous or discrete wavelengths or
wavelength bands from the visible, near-infrared, and infra-
red ranges. In some embodiments, the one or more imaging
devices comprise a monochrome imaging device. For
example, the one or more imaging devices may include one
or more of the following: a CCD-based camera, a CMOS-
based camera, an InGaAs-based camera, image intensifier
tubes, or mechanically scanning mirror directed to a detector
that receives sequentially scanned pixels to form a 2D
image. The one or more imaging devices may include a
mechanically scanning mirror directed to a detector that
receives sequentially scanned pixels to form a 2D image.

[0018] In a preferred embodiment, the one or more imag-
ing devices do not comprise a point-source detector. Pref-
erably the system also includes a full-frame imaging device
external to the MWIOS for obtaining an unmodified color
image of the substrate.

[0019] The system includes optics for directing light to
various parts of the system. For example, the system may
include an entry lens set selected and arranged to focus light
reflected from the substrate and to direct such light into the
optical path. Various aspects of the system typically require
the light path to be split into two or more paths, and the
system may include various mechanisms for achieving this

purpose.

[0020] For example, suitable mechanisms for splitting
light in the optical path into two or more output optical paths
include beam-splitters, partially-reflecting mirrors, and the
like. The optics may include one or more lenses in the
optical path before the one or more imaging devices to focus
and/or to correct for one or more wavelength-based distor-
tions. The optics may also include one or more polarizers,
such as linear or circular polarizers. Further, the optics may
include image intensifiers, such as image intensifier tubes.
Such image intensifiers may for example be placed in the
optical path prior to the imaging devices to enhance imaging
of wavelengths that have longer wavelengths or lower
intensity than an imaging device can optimally detect. In a
typical embodiment, the optical path is infinity focused. The
system may also include light absorbing substrate(s) as
needed to absorb non-imaged light.

[0021] In certain embodiments, the optics include a
mechanism for splitting light in the optical path into two or
more output optical paths; one of said output paths is
directed via the optics to an imaging device (preferably high
resolution, color) for recording imagery; and another of said
output paths is directed to an eyepiece for viewing by a user.
The scope may further include an image display device,
viewable by the user, which is electronically coupled to the
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imaging device. The electronic coupling can be via any
means for transmitting a signal, for example, via wire
connection, optical connection, wireless connection, or a
combination thereof. The electronic coupling will preferably
incorporate a computer processor to modify the image prior
to transmitting it to the image display device. For example,
the modified image may include indicia to identify abnor-
malities or lesions. In a preferred embodiment, the imaging
device has a minimum resolution of 300,000 pixels. In
particular, the image display device is placed in an optical
path leading to an eyepiece of the optical scope or otherwise
positioned to permit the user to view an image displayed on
the image display device through the eyepiece.

[0022] 1Insome cases, the optics will include a mechanism
for alternatively inserting one or more mirrors and beam-
splitters into the optical path, or an electronically-alterable
reflective-transmissive device. This aspect of the invention
serves to alternately include/exclude the MWIOS in the light
path. Thus, for example, when one or more of the mirrors or
beam-splitters is/are inserted into the optical path, the opti-
cal path is separated into at least two separate optical paths
comprising (i) a first optical path directed to the MWIOS;
and (ii) a second optical path directed through the optics of
the system, at least a portion of which reaches an eyepiece
for viewing of the image by a user. When another of the
mirror(s) or beam-splitter(s) is/are inserted into the optical
path, the MWIOS is avoided, and the optical scope functions
as a conventional scope.

[0023] Ttwill be appreciated that rather than using mirrors
and beam-splitters, an electronically-alterable reflective-
transmissive device can be included to achieve the same
function. For example, an electronically-changeable reflec-
tive-transmissive device can be provided having properties
which can be changed based on an input signal to alterna-
tively (a) separate the optical path into two separate optical
paths: (i) a first optical path directed to an MWIOS; and (ii)
a second optical directed through the remaining optics of the
system, at least a portion of which reaches an eyepiece for
viewing of the image by a user; and (b) reflect the light to
avoid the MWIOS such that the optical scope functions as a
conventional scope. In various embodiments, the one or
more mirrors, beam splitters or partially reflecting optical
devices direct greater than about 50, 60, or 70% of the
incoming visible light into the MWIOS. In certain embodi-
ments, they direct substantially all of the NIR and IR light
into the MWIOS. The mechanism for alternatively inserting
a beam splitter or a mirror may, for example, include a
rotatable mount, a mirror mounted on the mount, a beam
splitter mounted on the mount, and/or a mechanical, elec-
trical or magnetic means for rotating the mount. The means
for rotating the mount may, for example, include a dial, lever
or switch coupled mechanically or indirectly via electrome-
chanical means to the rotatable mount.

[0024] The invention includes a system incorporating an
optical scope of the invention electronically coupled to a
computer system. For example, the computer system may
include a computer processor, a means for transmitting
image data from the one or more imaging devices to the
computer processor, and one or more peripherals electroni-
cally coupled to the computer processor. The peripherals
may, for example, include various input and output devices.
In a preferred system, the MWIOS is configured to simul-
taneously image multiple images of the tissue; each image
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has a separate set of one or more continuous or discrete
wavelengths or wavelength bands; and the computer system
is programmed to analyze the images to identify spectral
abnormalities to identify tissue abnormalities. In another
preferred aspect, the MWIOS is configured to image mul-
tiple images of the tissue; each image has a separate set of
one or more continuous or discrete wavelengths or wave-
length bands; and the computer system is programmed to:
analyze the images to identify spectral abnormalities to
identify one or more tissue abnormalities; and provide
output to a user. For example, output may include indicating
a diagnosis of the one or more tissue abnormalities, classi-
fying the one or more tissue abnormalities, ruling out one or
more diagnoses or classes of abnormnalities, and/or identi-
fying the location of the one or more tissue abnormalities.
Preferably, the MWIOS includes 2, 3, 4, 5, 6 or more filters
ordered in a series. In such a series arrangement, each filter
in the series permits a pre-selected set of one or more
continuous or discrete wavelengths or wavelength bands to
pass through and into an optical light path that is directed to
and imaged by an imaging device and reflects light that does
not pass through the filter to a next filter in the series until
a final filter, which reflects any remaining light to an
absorbent substrate.

[0025] Inthe system aspect of the invention, the computer
system may be programmed or include a program or utility
stored on a storage medium which instructs the processor to
identify variations in spectral signatures across a series of
images from the imaging devices. For example, the varia-
tions in spectral signatures are associated with tissue abnor-
malities, such as pre-cancerous and/or cancerous abnormali-
ties, glucose abnormalities, and/or burns. Such
abnormalities may, for example, be found in tissue in the
gynecological tract, the gastrointestinal tract, the dermis and
the epidermis. In a preferred embodiment, the analysis for
abnormalities is an analysis of optical characteristics of the
epithelial tissue of the cervix or colon.

[0026] In one aspect of the invention the processor is
programmed (or software is stored on a storage medium) to
analyze the substrate based on information from the images
about the scattering, absorbing and other such optical prop-
erties of the substrate by measuring the change in the
intensity of reflected light over a predetermined spectral
range. For example, in one embodiment, a change in the
intensity of reflected light over a predetermined spectral
range that is outside the range of the scattering, absorbing
and other such optical properties of normal tissue represents
a potential abnormality, or a potential member of a class of
abnormalities. As another example, a change in the intensity
of reflected light over a predetermined spectral range that is
outside the range of the scattering, absorbing and other such
optical properties for normal tissue and inside the range of
the scattering and absorbing and other such optical propet-
ties of a tissue abnormality or class of tissue abnormalities
represents a potential abnormality and/or a potential member
of a class of abnormalities.

[0027] In certain embodiments, a scope of the invention
may include an extension including an optical fiber based
optical path and associated optics for transmitting light
reflected from a substrate, e.g., for use when the substrate to
be analyzed is internal, e.g., in the abdomen or in the lumen
of the intestine. For example, the extension may include a

Aug. 17, 2006

flexible endoscope. The invention may also include a means
for indexing the distance that the extension that has entered
into a subject’s body.

[0028] In a preferred embodiment, the system includes
multiple imaging devices and one or more utilities pro-
grammed to geometrically register the geometry of the
substrate to the pixels of the multiple imaging devices and/or
normalize intensity values across multiple images of the
substrate from the multiple imaging devices. In certain
embodiments, the normalization is accomplished automati-
cally. The normalization may be based on an area of said
imagery selected by input from a user. The system may
include a utility programmed to extract subsections of said
substrate wherein one or both of excessive light intensity or
insufficient light intensity prevents imaging of said substrate
with sufficient quality to permit the desired analysis. For
example, the utility may be programmed to omit such
subsections from diagnostic processing and/or to inform the
user that said subsections will require re-imaging during one
or more of adjusted lighting, filtering, or positioning cir-
cumstances. The system may include a utility programmed
to identify spectral attributes in image sub-areas character-
istic to a tissue abnormality or not characteristic of normal
tissue and provide output to a user indicating the location of
such image sub-areas. The analysis and output may include
classification of the tissue abnormality.

[0029] The output may, for example, include a visible
color image of said substrate displayed on a user interface;
and one or more indicators displayed on the user interface
pointing out, circumscribing or highlighting any image
sub-areas having spectral attributes characteristic of a tissue
abnormality or not characteristic of normal tissue. The
output may, for example, include a visible color image of
said substrate displayed on a user interface, and one or more
indicators displayed on the user interface pointing out,
circumscribing or highlighting any image sub-areas having
spectral attributes characteristic of a tissue abnormality or
not characteristic of normal tissue, and textual or symbolic
information displayed on the user interface communicating
information relating to classifying the tissue abnormality.
The output may include a visible, monochromatic or color
image of the tissue substrate, and textual or symbolic
information communicating information of relevance to
diagnosis or treatment of the tissue abnormality. The system
may be programmed to permit a user to provide input
causing the system to provide an output image of the
substrate which is digitally or optically magnified; an output
image of the substrate showing an individual wavelength or
wavelength band; and/or an output showing raw spectral
data from the substrate.

[0030] The invention also includes methods of analyzing
substrates using the apparatus of the invention. For example,
the invention provides a method of detecting a tissue abnor-
mality which includes emitting light from the light source
onto tissue, directing light emitted reflected from the tissue
via the optics to the multiple wavelength imaging optical
subsystem, and isolating one or more wavelength bands of
interest, directing the wavelength bands of interest to the one
or more imaging devices, and using the imaging devices to
simultaneously capture images of the wavelength bands of
interest, transferring image data from the images to a com-
putational system, and analyzing the images for one or more
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spectral patterns associated with one or more tissue abnor-
malities, and/or classes of tissue abnormalities.

[0031] The analysis may, for example include a determi-
nation of the size, location, and stage or classification of any
suspected abnormalities. The method may also involve
generating a color image of the tissue. The method may
involve generating diagnostic data, which can be superim-
posed onto the color image. The diagnostic data may be
superimposed on the color image on a user console or other
display means for permitting the user to view the image. The
diagnostic data may be superimposed on the color image and
viewable through the eyepiece of the optical scope. The
analysis may be performed continuously on sets of imagery
obtained in real-time or on one or more sets of imagery as
triggered by a user. In some aspects, the method involves
switching the system between a mode in which the system
operates as a conventional optical scope and a mode in
which the MWIOS and associated analytical capabilities are
activated. The diagnostic data and/or color imagery and/or
monochromatic imagery from an examination may be
recorded and stored on a storage medium and/or transmitted
to another system, e.g., via a network or wireless commu-
nication capability.

4 BRIEF DESCRIPTION OF THE DRAWINGS

[0032] FIG.1 is aschematic overview of one embodiment
of the system of the invention;

[0033] FIG. 2 presents a conceptual diagram for the
invention’s imaging technique;

[0034] FIG. 3 shows a schematic overview of a conven-
tional optical scope;

[0035] FIG. 4 shows a more detailed view of the dichro-
matic BS/MC, which can also serve as the enhanced opera-
tion enabling and disabling mechanisni;

[0036] FIG. 5 provides a detailed diagram of the multiple-
wavelength imaging optical subsystem of the invention,
which will extract electronic images of the selected light
wavelengths and send them to the computational system;

[0037] FIG. 6 is a flow chart showing the optical path
through an embodiment of the invention;

[0038] FIG. 7 illustrates the flow of information in the
invention’s computational system, as it goes from the optical
subsystem;

[0039] FIG. 8 is a flowchart showing the steps taken in a
patient exam according to an embodiment of the invention;

[0040] FIG. 9 is a schematic illustration of an embodi-
ment of a system of the invention; and

[0041] FIG. 10 is a schematic illustration of another
embodiment of a system of the invention.

5 Definitions and Abbreviations

[0042] “BS/MC” means beam splitter/mirror configura-
tion.

[0043] “CCD” means charged-couple device.

[0044] “CMOS” means complimentary metal-oxide semi-
conductor.

[0045] “CRT” means cathode ray tube.
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[0046]

[0047] “Electronically coupled” and the like means
coupled via any means capable of transmitting a digital or
analog signal. Examples include electrical, optical, radio,
and other means, as well as combinations of the foregoing.
The signal may be processed or modified in the path of the
electronic coupling, e.g., via a computer processor inserted
in the path.

“DRS” means diffuse reflectance spectroscopy.

[0048] “High-resolution” is meant to exclude point-source
detectors.

[0049] “IEEE” means Institute of Electrical and Electronic
Engineers.

[0050] “IR” means infrared.

[0051] “LED” means light-emitting diode.

[0052] “Light path” means the projective path that light

travels before making contact with the substrate.
[0053]
[0054]
[0055] “MWIOS” means multiple-wavelength imaging
optical subsystem.

[0056]
[0057] “Optical path” means the reflective path that light

reflected from the substrate travels through the system of the
invention.

[0058]
[0059]

“LCD” means liquid crystal display.
“LCTF” means liquid crystal tunable filter.

“NIR” means near-infrared.

“2D” means two dimensional.

“UV” means ultra-violet,

6 DETAILED DESCRIPTION OF THE
INVENTION

[0060] The invention provides an apparatus, system and
method for optically analyzing a substrate. The apparatus,
system and method of the invention are useful for recording
and analyzing the optical characteristics of the substrate. The
substrate is suitably a tissue substrate, for instance, human
tissue and/or animal tissue, and the analysis may relate to
optical characteristics useful for identifying tissue abnor-
malities, such as pre-cancerous and cancerous lesions, glu-
cose abnormalities and burn injuries. However, it will be
appreciated that the optical scope will be useful in the
analysis of other substrates as well, including for example,
in vitro tissue samples, manufactured materials, plastics,
metals, soils, and other materials.

[0061] Embodiments of the system and methods of the
invention are further discussed in the ensuing sections.
Headings are used for the convenience of the reader only and
are not intended to limit the breadth or scope of the inven-
tion.

6.1 Optical Scope and System

[0062] The invention provides an apparatus, referred to
here as an optical scope, and also provides a system com-
prising the optical scope of the invention along with various
information processing capabilities, which will be described
in more detail below. Thus, for example, the system of the
invention may include an optical scope for obtaining optical
information and a system for storing and analyzing optical
information obtained using the optical scope.
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[0063] These two components—optical scope and system
components—may be integrated. In other words, the system
and optical scope may be provided as one integral unit which
includes optical information-gathering capabilities, process-
ing capabilities, data storage capabilities, user interface
capabilities, and the like. The optical scope and the associ-
ated system components may be provided as a unitary
hand-held device. Alternatively, the optical scope may be
separate from the data storage and processing aspects of the
invention. Data may be transmitted from the optical scope
component of the invention to the system components by
various transmission means, such as electrical connection,
optical connection, infrared connection, radio connection,
and the like. In one embodiment, the optical scope and the
system are connected wirelessly.

[0064] The optical scope of the invention is useful for
observing, capturing, recording, and/or transmitting optical
data (i.e., data gathered by recording light reflected from a
substrate).

[0065] Tt is possible using the teachings of this specifica-
tion to modify optical scopes used in various medical
settings in order to make an optical scope according to the
invention. Such an approach may be convenient in some
circumstances. For example, in one embodiment, the inven-
tion provides a kit for modifying a conventional optical
scope to perform the added functions of the invention.
Alternatively, the optical scope of the invention may be
manufactured de novo as a new article of manufacture.

[0066] Referring to FIG. 1, the invention provides an
optical scope system 100, having an optical scope 100a and
system components 1005, for analysis of a substrate 101.
The optical scope system 100 generally includes some or all
of the following components:

0067] Optical Scope 100a includes:

p p

[0068] Target Substrate 101 to be analyzed

[0069] Light Source 102

[0070] Entry Lens Set 103

[0071] Wide-Wavelength Band Distortion Correction
104

[0072] Beam Splitter-Mirror Configuration 105
(optionally with Enhanced Operation Enabler/Dis-
abler)

[0073] Overlain Eyepiece Diagnostic Display 106

[0074] Eyepiece 107

[0075] Lockable Rolling Stand 108

[0076] Electronic Coupling 111

[0077] Imaging Device 305 (see also, FIG. 3)

[0078] Multiple-Wavelength Imaging Optical Sub-

system 500 (see also, FIG. 5)

[0079] System Components 1005 include:
[0080] Software-Driven Console User Interface 110
[0081] Output Device 110a
[0082] Input Device 1104
[0083] Electronic Coupling 111
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[0084] Computational System for Data Analysis 700
(see also, FIG. 7)

[0085]

[0086] Each of these components is discussed in the
ensuing sections.

6.1.1 Light Source

[0087] The optical scope 10a of the invention may include
a light source 102. The light source 102 may be integral with
or separate from the optical scope 100a. The light source 102
functions to emit light, e.g., wideband white light, encom-
passing all wavelengths of interest. Wavelengths of interest
may, for example, include wavelengths within any of the
ultra-violet, visible, near-infrared or infrared ranges. The
light source 102 emits light onto the surface of the substrate
101 to be examined. This substrate 101, e.g, a tissue
substrate, may be illuminated by one or more continuous
and/or point light sources. The continuous or point light
source(s) may be oriented in any of a variety of patterns,
e.g., circular, semicircular or other semi-parallel pattern.
These sources can, for example, be centered around the
scope’s optical path; they can be oriented off-axis; or they
may share the optical path of the scope itself.

[0088] In some embodiments, the light source 102 is
band-filtered in order, for example, to reduce the impact of
some heat-producing infrared wavelengths that are not of
interest and thereby to improve patient comfort during
examination. The light source 102 may also or alternatively
be notch-filtered to exclude unnecessary or undesirable
wavelengths. For example, NIR and IR radiation can cause
excessive amounts of heat, so the portions of those spectra
that are not included in the wavelengths of interest may be
notch-filtered from the light entering the system of the
invention prior to entrance, so as to minimize the amount of
heat to be dissipated. The light source 102 may also be
pulsed or flashed, in order, for example, to synchronize with
the imaging devices 305, 504 (see, FIGS. 3 and 5, respec-
tively) of the invention.

[0089] Furthermore, light of specific bands can be injected
into or combined with the light from the main light source
(white wideband light, for example), to provide additional
intensity for some narrowband wavelengths. For example, if
in an embodiment of the invention, the wavelength 1000 nm
is chosen as a wavelength of interest, and the light source
selected for use in said embodiment does not provide
adequate intensity thereof, then one or more 1000-nm light-
emitting diodes (LEDs) may be used to increase to provide
additional intensity. This intensity supplementation can be
induced, for example, by filtered wideband light, LEDs,
lasers or other light sources.

[0090] Examples of light sources suitable for use with the
diagnostic endoscope of the invention include xenon arc
lamps, quartz halogen lamps, incandescent sources, LEDs,
and many others. One preferred embodiment employs a
quartz halogen lamp, which tends to be stable, and yields a
high output without an excessive amount of heat.

6.1.2 Optical Scope

[0091] In some embodiments, the optical scope 100a of
the invention includes a configuration of one or more
optical, mechanical and electrical components of a conven-
tional optical scope. Conventional optical scope capabilities

Distance Indexing Mechanism (Optional)
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are useful, among other things, to permit the user to obtain
an accurate, unmodified, high-resolution image of the sub-
strate 101 (e.g., tissue area) to be inspected. The term
“high-resolution” is meant to exclude point-source detec-
tors. The range of resolutions to be employed in embodi-
ments of the invention will generally range from about 4,000
pixels to about 16,000,000 pixels.

[0092] The optical scope 100a may, for example, be
configured for medical use. It may be designed for viewing
the airway and/or bronchi; the vagina and/or cervix and/or
other components of the gynecological tract; inside the
uterus; the urinary tract and/or bladder; the esophagus,
stomach and/or duodenum; the rectum and/or sigmoid
colon; the colon; inside the abdominal cavity and/or pelvis;
other components of the gastrointestinal tract; the thoracic
cavity; the epidermis; and/or other organs of the body,
particularly those covered in epithelial tissue. For example,
the optical scope 100a of the invention may be based on a
bronchoscope, colonoscope, a colposcope, a cystoscope, a
hysteroscope, an esophagogastroduodenoscope, a laparo-
scope. a proctosigmoidoscope, a thorascope, an endoscope,
a microscope, and/or any other appropriate optical scope.
The invention includes such scopes modified to perform the
functions of the invention, as described herein.

[0093] Referring now to FIG. 3, the components of a
conventional optical scope 300 typically include:

[0094] Light Source 301

[0095] Entry Lens Set 302

[0096] Magnification and/or Directive Optics/Lenses
303

[0097] Beam-splitter (e.g., 50%-50% beam-splitter)
304

[0098] Imaging Device (with Lens) 305

[0099] Eyepiece 306

[0100] Lockable Rolling Stand 307

[0101] Fiber Optic Cable for Remote Examination
(optional)

[0102] Light Source. The optical scope 100a of the inven-

tion typically includes one or more components of a con-
ventional optical scope 300, such as a light source 301.
Conventional optical scopes 300 use light sources 301 that
emit visible wavelengths. Many such light sources 301 are
currently available on the market. In some embodiments, the
native source on a conventional scope 300 will be insuffi-
cient for the analytical and diagnostic applications of the
present invention, since the necessary range of wavelengths
of the invention will in some embodiments lie outside the
visible band. Thus, the conventional visible light source 301
will typically be replaced with a light source that includes
wavelengths sufficient to enable the analytical or diagnostic
application(s) for which the inventive optical scope 100a is
intended.

[0103] Elements may be included in the optical path to
filter out undesirable wavelengths. For example, those wave-
lengths not of interest in the NIR and IR ranges can cause a
significant amount of heat, so they may be filtered out,
through either band-filtering or notch-filtering means.
Another example might be UV wavelengths below the
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lowest wavelength of interest, which are known to cause
thermal effects that could cause image corruption.

[0104] The light source can be comprised of a single,
continuous light source, or several point light sources. In
some embodiments where it is desirable for the intensities of
certain wavelengths to be increased, the light source may be
supplemented with additional single- or multiple-wave-
length light sources, such as LEDs.

[0105] Entry Lens Set. The optical scope 100a generally
includes an entry lens set 302 (also called objective lens set).
This lens set 302 gathers and focuses incoming light, which
may include light reflected from the substrate 101 being
examined, and also serves to direct the light along the
appropriate optical path. The entry lens set 302 may include
one or more objective lenses; the size and magnification of
such lenses is determined by the specific use for which the
optical scope 100a is designed.

[0106] Focusing and/or Magnification and/or Directive
Optics. A conventional optical scope 300 also generally
includes focusing and/or magnification and/or directive
optics 303. These components typically function to change
the focus of, magnify the size of, or modify the direction of
the optical path of the image, in addition to other modifi-
cations. In a conventional optical scope 300, these optics
303 are often arranged between the entry lens or lens set 302
and the beam-splitter 304, in such a way as to appropriately
focus, magnify, reduce, or redirect the optical path. Such
optical components may, for example, include lenses (and
combinations of lenses) to change the focus or scale of the
image; mirrors or angled prisms to change the direction of
the image; circular polarizers to reduce specular highlights;
and/or other optical components to perform other optical
manipulations.

[0107] Beam-Splitter. The optical scope 100a generally
includes a beam-splitter 105, and also may include a con-
ventional beam-splitter 304, such as a 50-50% beam-splitter
or other optical device for dividing an optical path into two
or more optical paths. In one embodiment, the beam splitter
304 functions to divide the incoming light into two or
images that can be directed to two different targets. As
further described below, in a conventional scope set-up, the
beam-splitter 304 typically directs a portion of the light to an
imaging device 305 for display on an external console and
directs the other portion to the eyepiece optics 306. This
component may also take the form of a partially-reflecting
mirror or similar means.

[0108] Imaging Device (with Lens). A conventional opti-
cal scope 300 will also typically include an imaging device
305 and an accompanying lens. In other embodiments, the
imaging device 305 may be absent. The imaging device 305
may function to record high-resolution, full-color (i.e., wide-
band visible-light) images or may record other suitable
bands of light. The imaging device 305 serves to record
imagery collected during the examination. It may also
provide a means to enable a digital console display of the
examination imagery. In one embodiment of the invention,
the imaging device 305 can provide a color video image that
can be optically combined with the wavelength-specific
images from the imaging devices 504 of the MWIOS 500,
for display purposes.

[0109] The imaging device 305 may comprise a color
video camera, such as an area camera, a line-scan camera, a
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focal plane array, or the like. For example, its technology
may be based on charged-couple device (CCD), complimen-
tary metal-oxide semiconductor (CMOS) or Indium-Gal-
lium-Arsenide (InG aAs) detectors. In the optical path, the
imaging device 305 may, for example, follow the beam-
splitter 304 and output its imagery to a user interface (e.g.,
the eyepiece 306 or user console). The resolution of the
imaging device 305 may be, for example, greater than
300,000 pixels.

[0110] Eyepiece. A conventional optical scope 300 typi-
cally includes an eyepiece 306, which functions to gather
and focus the exiting light so that it can be imaged by the
human eye. In a conventional optical scope 300, the user can
view the tissue area to be inspected through this eyepiece
306. The eyepiece 306 is positioned at the end of the optical
path, thereby affording the user a pure optical view of the
substrate, and is usually preceded in the path by directive
optics 303.

[0111] Lockable Rolling Stand. The conventional scope
300 may also include a stand 307 or other mount for the
optical scope 100a. This stand 307 functions to provide
support for the optical scope 100a. Where the optical scope
100q 1s used for diagnostic purposes, the stand 307 will be
useful to permit the user to correctly position the optical
scope 100a during examination. The stand 307 may include
lockable rollers, which can be locked to provide stability,
e.g., while an exam is in progress. Alternatively, the optical
scope 100a may be mounted on any of a variety of moveable
mounts, such as pivoting arms mounted on a floor, wall,
ceiling, stand, bed or other foundation suitable to the
intended use. Where pivoting arms are used, they are pref-
erably lockable.

[0112] Fiber Optic Cable for Remote Examination
(optional). A conventional optical scope 300 sometimes
includes a fiber optic cable in the optical path. Fiber optic
cables are well known in the art, and thus, not shown here.
Use of a fiber optic cable and associated optics can enable
analysis of tissue substrates in locations that are not imme-
diately accessible from the body’s exterior (e.g., colon,
thorax, etc). This component may, for example, be situated
in the optical path between the entry lens set 302 and the first
instance of focusing and/or magnification and/or directive
optics 303a. This component may take the form of a fiber
optic cable, a flexible endoscope, or other such means.

[0113] Additional Objective Lens Set for Fiber Optic
Cable for Remote Examination. The embodiments of the
optical scope 100« that include a fiber optic cable for remote
examination may also include an additional set of entry (or
objective) lenses 103, 302 suitable for permitting viewing of
light emitted from the fiber optic cable. It will be appreciated
that various other components of conventional optical
scopes not discussed here are well-known in the art and are
adaptable for use in optical scopes and systems of the
invention.

6.1.3 Wide-Wavelength Band Distortion Correction

[0114] Referring again to FIG. 1, the invention may
include an optical component or series thereof 104 to
accommodate the wide wavelength-range that is covered, as
such wide bands can lead to optical distortion effects. Such
acomponent 104 can, for example, be arranged in the optical
path that is after the entry lens 103 and before the BS/MC
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105 (shown in more detail in FIG. 4 as BS/MC 400). Optical
elements 104 that can be used in this capacity include, for
example, one or more achromatic lenses.

6.1.4 Beam Splitter/Mirror Configuration (BS/MC)

[0115] As illustrated in FIG. 1, the optical scope system
100 may, in some embodiments, include a beam splitter/
mirror configuration 105 (shown in more detail in FIG. 4 as
beam splitter/mirror configuration 400), e.g., a dichromatic
BS/MC. The BS/MC functions to preserve backward com-
patibility to the operation of a conventional optical scope.
The BS/MC, when present, passes the reflected light either
into the (MWIOS) 500 for enhanced operation according to
the invention, or to the beam splitter 304 for conventional
optical scope operation, depending on its orientation (which
can be controlled by the user).

[0116] Referring now to FIG. 4, the BS/MC 400 of the
invention generally may include:

[0117] a mechanical switching component 401, such as
a rotary dial, or other mechanical, electronic or mag-
netic switching component

[0118] a diagnostic scope case exterior 402 (shown in
cutaway)

a mechanical joint/axis . a beam splitter
0119 hanical joint/axis 403, a b pli 404
(desirably dichromatic)

[0120]

[0121] wvarious contact switches, electrical circuitry and
control software (not shown).

[0122] Thus, in one embodiment, the BS/MC 400 takes
the form of a dichromatic beam splitter 404, a mirror 405,
and a mechanical joint or axis 403 to which the beam splitter
404 and mirror 405 are rotatably mounted.

[0123] The BS/MC 400 may, for example, be controlled
by a mechanical switching component 401, such as a rotary
dial or other device, which is preferably accessible from the
exterior of the optical scope 100a case 402 and is coupled
electrically, mechanically or otherwise to permit a user to
alternatively place the beam splitter 404 or mirror 405 in the
optical path. As an alternative to a mechanical component
401, selection between modes may be accomplished using
various computer input devices, such as virtual switch
displayed on a monitor which is touch-screen selectable or
selectable by a mouse click or other input device.

[0124] This component 401 will function to allow the user
to select the mode of operation of the system. For example,
the components can be mounted and relatively oriented so
that, when a user turns the dial (or other device), the beam
splitter 404 and the mirror 405 are alternately placed in the
optical path.

[0125] The relationship of the component 401 with respect
to the BS/MC 400 may be mechanical and/or via an elec-
trical circuit and a motion actuator, such as a motor. The
controls will preferably include markings, indentations or
other indicia for indicating to the user which of the compo-
nents, beam splitter 404 or mirror 405, is in the optical path
or informing the user of the mode of operation. In embodi-
ments in which the component 401 comprises a dial
mechanically coupled to an axis 403 on which the beam
splitter 404 and mirror 405 are mounted, the dial 401 can

a mirror 405



US 2006/0184040 A1

also be indexed with the precise angular position points
demarcating where the beam splitter 404 and mirror 405
should be in the optical path, e.g., using mechanical detents.
It will be appreciated that while this aspect of the invention
has been described in terms of a dial, many other configu-
rations will be apparent to one of skill in the art in view of
this specification, including for example, various kinds of
mechanical, electrical and/or magnetic switches and levers.

[0126] The BS/MC 400 can include one or more contact
switches (or other such devices) and correspondent electrical
circuitry and control software. The switch(es) can be posi-
tioned in such a way in order to enact when the user rotates
the invention’s control dial (or other selector) to position
points associated with enabling and disabling the enhanced
operation of the invention. When the switch makes contact,
it will send an electrical signal through the circuitry to
control software that will register it, and commence opera-
tion of the lesion detection capability in the computational
system 700. The contact switches can be situated so that
computational mode of operation is set by the position of the
switch so that the system is ready to receive input from the
beam-splitter or mirror depending on the position of the
component 401 or other input device. Moreover, the system
may be programmed to monitor the contact switch or other
related signal and to output an indicator, e.g., on the user
interface, such as a light or a word or other symbol displayed
on a display device, for indicating to the user the mode of
operation.

[0127] Additionally, in the embodiments of the invention
that contain the overlain-eyepiece display 106 as described
above in Section 6.1.6, the triggering of the contact switches
can also prompt the computational system to enact a motor,
such as a servo motor (not shown), for controlling the image
display device. The motor can move the image display
device into the optical path, blocking the light from the
optical scope 100a, and enabling to user to visualize the
data.

[0128] In one embodiment, the BS/MC 400 directs the
incoming light in one of two ways. When the mirror 405 is
positioned in the optical path, all incoming light is diverted
to the beam splitter 304 to allow for conventional use of the
optical scope 100a. When the dichromatic beam splitter 404
is positioned in the optical path, a portion of the light (e.g.,
70% of incoming visible light and 100% of NIR and IR
light) will be directed into the MWIOS 500, thereby
enabling enhanced operation according to the invention. The
portion of incoming visible light also may be, for example,
less than 50% or greater than 50%. The remainder of the
incoming visible light can be directed through the scope
optics, in order to provide a raw image of the substrate 101
being examined. Data can be superimposed on the raw
image.

[0129] The beam splitter 404 can be an optical component
that transmits only certain wavelengths of light, while
reflecting others. In the preferred embodiment, the beam
splitter 404 is dichromatic, and transmits all light wave-
lengths longer than the visible range, along with a large
percentage (e.g., 70%) of visible light, while reflecting all
other light. Other embodiments may include allow different
percentages of the light to transmit.

[0130] The mirror 405 can, for example, be an optical
component that reflects all light, or all visible light. For
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example, in order to maximize heat dissipation, the mirror
405 can be a “cold” mirror, which reflects visible light while
transmitting heat-inducing NIR and TR light. The heat-
inducing NIR and IR light would be passed into the MWIOS
500, where the NIR and IR light can be properly dissipated.
Alternatively, the mirror 405 can be a “hot” mirror, which
achieves the opposite effect, depending on the orientation of
the other components of the embodiment.

[0131] In another embodiment, the BS/MC 400 could
consist of a single component, the reflective and transmis-
sive properties of which can be changed electronically. For
example, a liquid crystal tunable filter (LCTF) device,
available from Cambridge Research, Inc, allows the “win-
dow” of transmission wavelengths to shift along the spec-
trum by incorporating a liquid crystal element into a Lyot
filter. Products that use this technology are optimized for
both the visible and the near-infrared ranges. At the current
time, their speed of operation is prohibitively slow for use in
an embodiment of the invention; in the future, however, it is
expected that this performance time will improve. Another
example of such a device is an acousto-optic tunable filter,
which contains a piezoelectric transducer bonded to a crystal
of tellurium dioxide or quartz and which alters the refractive
index of the crystal based on a radio-wavelength input; this,
in turn, determines the amplitude and wavelength of light
waves passing through the crystal.

[0132] Such an electronically-addressable, single-compo-
nent BS/MC embodiment would function in the same way as
described above, either separating the optical path into two
separated optical paths, or directing all incoming light so
that the MWIOS is avoided.

6.1.5 Multiple Wavelength-Imaging Optical Subsystem
(MWIOS)

[0133] The optical scope 100a may include a multiple
wavelength-imaging optical subsystem (MWIOS) 500 (see,
FIG. 1) to acquire simultaneous, high-resolution imagery of
the target substrate 101 at the selected wavelengths of
interest. (As mentioned above in Section 6.1.2, the conven-
tional optical scope 300 obtains a visible color image of the
substrate 101 to be inspected through its imaging device
305.) Light enters the MWIOS 500 when the BS/MC 400 is
positioned so that the dichromatic beam-splitter precedes the
MWIOS 500 in the optical path.

[0134] The MWIOS 500 may be integral with optical
scope 100a components (e.g., within the same case, as
shown in FIG. 1) or may be housed in a separate case that
is incorporated onto the optical scope 100a. In either situ-
ation, a seamless optical path is preferably conserved.

[0135] The electronic images obtained by the MWIOS 500
can be directed to the system components 1005 of the optical
scope system 100, including a computational system 700 for
analysis and preferably including a user interface 110.

[0136] Referring now to FIG. 5, the MWIOS 500 of the
invention generally includes the following components:

[0137] Entry Lens Set 501
[0138] Filter Series 502
[0139] Lens Sets 503
[0140] Imaging Devices 504
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[0141] Absorbing Plate 505

omputationa stem for Data alysis
0142] Computational Sy for D Analysis 700
(see also, FIG. 7)

[0143] Entry Lens Set. The MWIOS 500 may include an
entry lens set 501. This lens set 501 functions to gather,
focus, change the scale of and/or direct the incoming image
from the optical scope 100a into the MWIOS 500. This light
is suitably directed through the system as an infinity-
focused, collimated beam, and thus may require re-focusing
to the appropriate distance. The focused light from this lens
set 501 can be directed to the first filter 5024 in the filter
series 502. The lens set 501 may include one or more lenses,
as necessary, to introduce the light into the system at a
suitable focal distance and/or to improve image quality.

[0144] Filter Series. The MWIOS 500 includes a series of
filters 502, which serves to extract light of pre-selected
bandwidth wavelengths from the incoming image and guide
the light to the appropriate imaging device 504. The wave-
lengths or wavelength bands of the filters 502 are chosen
based on the wavelengths of interest for the particular
embodiment of the invention, and may, for example, belong
to any or all of the ultra-violet, visible, near-infrared or
infrared ranges. The wavelengths of interest may be chosen
as individual wavelengths, a combination of individual
wavelengths, a wavelength band, and/or a combination of
wavelength bands.

[0145] The filter series 502 may be composed of any
optical component that extracts light of a certain wavelength
or wavelength band (with the desired bandwidth), such as an
interference filter. Other types of filters include dichroic,
band-pass and multiple-wavelength filters. The filter series
502 may include as many filters as necessary to accommo-
date the number of wavelengths or wavelength bands of
interest. Alternatively, one or more of the filters may be
replaced with an electronically-addressable variable filter,
such as the liquid crystal tunable filter or the acouso-optic
tunable filter, both of which are described above in Section
6.14.

[0146] Lens Sets. The MWIOS 500 also includes a lens set
503 that corresponds the filter series 502 and imaging
devices 504 in the series. Because focus changes slightly at
different wavelengths, the invention may include a focus
compensation lens or lens set 503 on some or all of the filter
module/imaging device combinations to maintain high-qual-
ity, focused imaging. The number and size of these lenses
depends on the wavelength and amount of incoming light,
the distances from the lens to the filter and to the focal point
of the imaging device, and other known optics parameters.

[0147] Imaging Devices. In one embodiment, the inven-
tion includes a set of imaging devices 504 (preferably
monochrome cameras), including one corresponding to each
filter 502 and lens set 503 mentioned above. Each lens 503
focuses and directs light of the wavelength or wavelength
band extracted by the filter to an imaging device 504. Each
imaging device 504 functions to obtain a high-resolution
image the light of the wavelength or wavelength band of
interest extracted by the corresponding filter 502 from the
ultra-violet, visible, near-infrared and infrared ranges. (As
mentioned above, the range of resolutions to be employed in
embodiments of the invention is expected to range from
4,000 pixels to 16,000,000 pixels.) It should be noted that,
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given the configuration of the filter series 502 and the
imaging devices 504 and 305, it is possible with this
invention simultaneously to image the substrate at all wave-
lengths of interest (with the MWIOS’ imaging devices 504),
and with wide-band visible light (with the optical scope’s
imaging device 305).

[0148] The specific embodiment shown in FIG. 5 includes
five filters, 502a, 5025, 502¢, 5024, 502¢. Light entering the
MWIOS 500 is directed by the entry lens set 501 to the first
interference filter 502a, which is oriented to direct any light
that passes through the filter 502q also to pass through the
lens 503a into the corresponding imaging device 504a. The
first interference filter 502a is oriented so that light reflected
off of its face is directed to the second filter 5025, which in
turn allows only light of the second wavelength band of
interest to transmit. Light transmitted through the second
filter 5025 is directed to the corresponding lens 5036 and
imaging device 5045, and the remaining light reflected off of
the second filter 5025 is directed to the third filter 502¢. Fach
filter selects for a different wavelength or band of light. The
process can be repeated as many times as there are filters in
the series. In various embodiments, the filter series 502 may
include 1, 2, 3,4, 5,6,7, 8,9, 10 or more filters.

[0149] Though monochrome area cameras are the pre-
ferred embodiment for the imaging devices 504 of this
component 700 of the invention, any full-frame imaging
device that outputs an electronic image may also suffice to
capture image data from the filters and transmit the data to
the computational system 700. (By “full-frame”, it is
implied that the resolution of the imaging device must be,
for example, over about 19,000 pixels, more particularly
over about 60,000 pixels. In other embodiments of the
invention, the minimum resolution for the imaging devices
may be about 100,000 pixels, about 500,000 pixels, or about
1,000,000 pixels, or more.) Moreover, in some embodi-
ments, a single imaging device 504 may be used to capture
light from more than one filter/lens combination. In a
preferred embodiment, the imaging devices 504 are capable
of imaging light from all wavelengths of interest, including
for example, the UV, visible, NIR and IR bands.

[0150] There are a vast variety of available visible light-
imaging cameras suitable for use with the present invention.
For instance, other such suitable imaging devices 504
include scan-line cameras, focal plane arrays, and the like.
Optimal candidates are digital, have a compact form factor
in order to minimize the volume of the optical subsystem,
and have an IEEE 1394 “Firewire” interface. For example,
a suitable camera that can image both the visible and NIR
ranges is a CCD-based camera, which can be optimized to
image wavelengths up to roughly 1000 nm.

[0151] Imaging devices for imaging the UV, upper-NIR
and IR ranges include, for example, InGaAs or cooled-CCD
detectors. Preferred devices image the proposed range in a
manner that is analogous to the quality of CCD cameras with
the visible range. Examples of such include the extended-
range Hamamatsu C5840 unit, or Spiricon’s 1550 nm Tele-
com camera, which can image wavelengths from about 1460
to about 1625 nm. Sensors Unlimited offers several InGaAs-
based camera models, which range in size and price and can
superiorly image the spectrum from 400 nm to 1700 nm, or
sub-ranges thereof. Other candidates for imaging the NIR
range include those cameras fitted with image-intensifier
tubes, as are often used in night vision devices.
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[0152] Other imaging devices capable of acting as this
component of the invention include CMOS-based cameras,
line scan cameras and focal plane arrays. Another possible
candidate is a mechanically-scanning mirror directed to a
detector that receives sequentially-scanned pixels to form a
two-dimensional image. Undesirable devices include point-
source detectors and other such devices that do not offer a
sufficiently high-resolution image.

[0153] The electronic imagery from the imaging devices
504 can be transmitted, for example, to the computational
system 700 or other system components 1005 of the inven-
tion for processing.

[0154] In particular, the imaging devices 504 should be
digitally connected to and provide output to the computa-
tional system 700 of the invention.

[0155] Flat-Black Absorbing Plate. In some embodiments,
the system may include a flat-black absorbing plate 505 at
the end of its optical path. The plate 505 functions to collect
the unused portion of reflected light, and to prevent the
unused portion from straying around the MWIOS encase-
ment, which could corrupt the wavelength-specific images
being acquired by the imaging device 504. This absorbing
plate 505 may be of any black, light-absorbing material.

6.1.6 Computational System for Data Analysis

[0156] The optical scope system 100 of the invention
suitably includes a computational system 700, for accom-
plishing the image processing and analytical functions of the
invention. The computational system 700 of the invention
accepts input from the optical scope 100a via the MWIOS
500. The computational system 700 of the invention may
include one or more computer processors, memory devices,
data storage devices, data transmission devices, and output
devices, such as the display unit of the user console, as well
as printers, and the like. In particular, the computational
system will accept data from the imaging devices 504 of the
MWIOS 500 (e.g., as described above in Section 6.1.5).
Output will include, among other things, the diagnostic
imagery as described below in Section 6.1.9. The compu-
tational system 700 is programmed to analyze and to com-
pare images of specific light wavelengths.

[0157] In a preferred aspect of the invention, these image
comparisons are used to reveal the spectral variations of
various tissue abnormalities. Information, including band-
widths, polarization and spectral signatures, can be used
according to the invention to differentiate normal tissue from
abnormal tissue. In one embodiment, the system employs
diffuse reflectance spectroscopy (DRS), which provides
spectral information that can be linked to the physical
composition of the tissue being scanned.

[0158] The computational system 700 can measure and
compare various spectral parameters, such as scattering and
absorption characteristics, across a spectral range. This
range may, for example, include wavelengths from the
ultra-violet, visible, near-infrared and infrared bands. The
MWIOS 500 suitably may include a filter in the filter set 502
for each wavelength being analyzed.

[0159] For instance, the wavelength or wavelengths ana-
lyzed may be selected based on their facility for imaging the
attributes of tissue lesions that differentiate the tissue lesions
from healthy tissue. For example, lesions may display
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excessive angiogenesis, and may consequently contain sig-
nificantly more hemoglobin than healthy tissue. Excessive
angiogenesis may be assessed at wavelengths around the
Soret band (420 nm), a very strong absorption band for the
heme b protein that primarily constitutes hemoglobin. Other
useful wavelengths include the near-infrared [HORNO99,
ALI04] and infrared [CHIR98] ranges.

[0160] In one embodiment of the system, wideband white
light of all wavelengths is emitted onto the substrate 101 to
be analyzed (the cervix, for example). The returned light is
then passed through the MWIOS 500, which may include a
series of narrowband interference filters, lenses and cameras
that image the light independently at only the individual
wavelengths (or wavelength bands) of interest. The system
of the invention may then analyze the “spectral signatures”
of these images.

[0161] The computational system 700 may take the form
of any computational unit that is capable of performing
sufficient computations to achieve the operations described
herein. In a preferred embodiment, the computational sys-
tem 700 will take the form of a computer, such as palm,
laptop or desktop computer. In other embodiments, the
computational system 700 may include custom-fabricated
integrated circuits or other such devices. In still other
embodiments, the computational system 700 may be inte-
grated into a unitary scope device.

[0162] Referring now to FIG. 7, the computational system
700 of the invention generally includes the following hard-
ware constituents:

[0163] Video Capture Computer Card(s) (not shown)
[0164] Processing Unit(s) 702
[0165] Software 703
[0166] Output Device(s) 704
[0167] Input Device(s) 705
[0168] Video Capture Cards. The computational system

700 of the invention suitably may include one or more video
capture cards or any other device that accepts imagery that
has been transmitted from an imaging device and converts
the transmitted imagery to data on a computer or other
computation unit. The video capture cards are well known in
the art, and hence, not shown. The cards function to accept
the imagery from the imaging devices 504 of the MWIOS
500 and transmit image data to the processing unit(s) 702 of
the computational system 700. The video capture cards may
accept and/or transmit data through a cable and/or through
wireless means.

[0169] Computer processor(s). The computational system
700 of the invention includes one or more computer pro-
cessors 702 for accepting inputs from the optical imaging
subsystem or other input devices 705 and/or analyzing data
and/or exporting data to the user console and/or other user
interfaces. The computer processor 702 can accept the
imagery from the MWIOS via the video capture cards,
transfer imagery to storage, process the image data, and/or
transfer imagery or other information, such as diagnostic
results, to an output device 704. For example, the processor
702 may direct image information to the overlain-eyepiece
display 106 and/or to the console display 110.
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[0170] Software. The computational system 700 of the
invention may include software 703 stored on a storage
medium or loaded on a computer processor(s) 702 for
controlling various operational, computational and/or ana-
lytical steps described herein. Software 703 of the invention
may be loaded on the computer processor 702 to control
operational and/or analytical aspects of the system 700. Tt
will be appreciated that a storage medium, such as an
electronic or optical storage unit, including such software
703 suitably also can be an aspect of the invention.

[0171] The software components 703 of the invention may
be programmed to affect any of the operations described
herein. For example, the computational system 700 may
include software 703 programmed to achieve any one or
more of the following functions:

[0172] Image Digitization

[0173] Geometric Registration (performed once per
optical path configuration)

[0174] Intensity Normalization

[0175] Examination for Areas of Abnormal Spectral
Behavior

[0176] Classification of Areas Exhibiting Abnormal

Spectral Behavior

[0177] Demarcation of Suspected Areas in Visible-
Light Color Image

[0178]

[0179] Image Digitization. The computational system 700
of the invention may include software 703 for digitizing the
images captured by the imaging devices 504 of the MWIOS
500. Digitization will be useful, for example, when analog
imaging devices are used rather than digital imaging
devices. Digitization can be accomplished using any of a
variety of standard analog-to-digital conversion methods.
Digitization software can be used to output a digitized data
set of each image for use by the geometric registration
software.

[0180] Geometric Registration (performed once per opti-
cal path configuration). The computational system 700 of the
invention may include software programmed for geometric
registration of the images. Geometric registration creates a
two-dimensional mapping of each sub-pixel point in the
detection area to a pixel in the frames of each of the imaging
devices 504. (This task can be simplified by having all
imaging devices share an optical path.) This subroutine
would function to ensure that all points in space are con-
sistently accounted for in each image. A number of different
techniques for registration exist; for example, a pre-deter-
mined look-up table may be compiled by imaging specially
designed targets (equipped with fiducials) in connection
with fiducial detection algorithms.

[0181] It should be noted that this step need only be
performed once for a given optical path, since the two-
dimensional mapping of the cameras will presumably not
change. If the optical path is modified in any way from the
previous geometric registration’s configuration, the step will
need to be repeated.

Exporting Method to Displays

[0182] Intensity Normalization. The computational sys-
tem 700 of the invention may include a method for normal-
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izing the intensities in the images from the imaging devices
504. This step would function to eliminate or minimize
variations in: the spectral response of the imaging devices
504; the spectral output of the light source 301; the degree
of absorption through the filters 502; the overall expected
lighting conditions; tissue pigmentation; and other factors.

[0183] Normalization may be achieved through a variety
of means. In one such method, a uniform flat target is imaged
by each imaging device 504 and filter 502 combination and
under varying illumination intensities and exposures. From
analysis of this set of flat-field calibration imagery, it is
possible to calculate per pixel (or per group of pixels to
average out noise) normalization coeflicients for each imag-
ing device 504. This method of intensity normalization
includes a subroutine to remove areas of the monochrome
images that are either above or below set boundary levels of
intensity. This is done so that areas of the image which
receive levels of light too high or too low for proper image
processing are removed before the computation across the
image is done. Such areas could be highlighted in a different
way from the manner in which suspected abnormalities are
highlighted (as described below), distinguishing them for
the user. If the user so chose, he/she could position the tissue
in such a way as to provide more or less light to the
unprocessed areas.

[0184] Intensity normalization could be carried out auto-
matically using the embedded software architecture of the
invention. Alternatively, the invention could support a
mechanism whereby the user selects an area of the image
which he/she knows to be healthy, and the optical properties
of this area would be used to normalize the remaining
sectors of the image.

[0185] Examination for Areas of Abnormal Spectral
Behavior. The computational system 700 of the invention
includes a method for recognizing spectral anomalies across
the narrowband wavelength-images of the substrate 101, for
instance tissue, under inspection.

[0186] Referring now to FIG. 2, the graph shows an
example of the data collected by the invention. In the system
100 of the invention that detects cervical lesions, for
example, the “samples” axis represents an imaginary “line”
of tissue substrate 101 that the system 100 is scanning. (In
actuality, the system 100 will scan many such lines simul-
taneously—as many as the vertical resolution of the imaging
devices in the MWIOS 500.)

[0187] The spectral signature of each “point” or pixel in
the tissue sample “line” can be read by looking at the
corresponding 2D graph (“sampling wavelength” axis ver-
sus “intensity” axis) at that point. The “sampling wave-
length™ axis will have exactly as many points as there are
wavelengths of interest in the embodiment of the invention.
(In a currently preferred embodiment for cervical cancer
detection, this number is five: 420 nm; 500 nm; 849 nm; 956
nm; and 1450 nm.) Therefore, at a “samples” value of 15
(pixels) and a “sampling wavelength” value of 1450 nm, the
“Intensity” plot then communicates the intensity level of the
“point” on the tissue sample “line” at 15 pixels from the
origin in the image taken at the 1450 nm wavelength.

[0188] The depiction of a sample tissue (here, a cervix)
directly below the “samples” axis is meant to indicate a
point-to-point correspondence of the tissue location to the
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spectral signature shown in the graph. (This indicates that
the imaging plane is roughly parallel to the tissue surface.)

[0189] Tt is noted that in the “tissue” representation at the
bottom of the diagram that the tissue sample becomes more
parallel to the imaging “samples” axis at the left end of the
representation. (This is in line with the cervix becoming
parallel to the entry lens at its center.) Light at this location
would reflect directly back into the entry lens, causing
specular highlights that would prevent the area from being
imaged; this is reflected in the “intensity” axis of the plot,
where the intensity values across the wavelength spectrum
are at maximum value.

[0190] Likewise, the right end of the representation cor-
responds to the outer walls of the cervix, which are perpen-
dicular to the imaging plane. It is noted that in this example,
the intensity values in the plot for this location indicate that
the images are receiving too little light to image that area

properly.

[0191] By analyzing these spectral signatures across the
entire area of the substrate, the system 100 is able to
distinguish characteristics thereof for the user. Continuing
with the invention’s cervical cancer detection embodiment,
the system 100 will be able to determine whether any
sub-areas of the cervix contain pre-cancerous or cancerous
lesions. In order to equip the system 100 with such a
capability, it is desirable to determine through ratiometric (or
“principal component”) analysis a weighted combination of
coeflicients for the spectral signature’s wavelengths that will
accommodate a broad range of patients. (Pre-determined
ratiometric analysis is described in more detail in Section
6.2.1 below.)

[0192] Ttis noted that the amount of area of substrate 101
to be examined by the scope 100a can vary by application.
For example, in the embodiment of the invention wherein
the scope 100a observes the epidermis, the area to be
examined may range from 50 mm to 80 mm at its widest
cross-section, while this area for the embodiment of the
invention wherein the cervix is being examined may range
from 15 mm to 30 mm. In still another embodiment of the
invention, wherein a narrow range of the thoracic or gas-
trointestinal cavity is being examined, the area may be
limited to 2 to 15 mm at its widest cross-section.

[0193] Classification of Areas Exhibiting Abnormal Spec-
tral Behavior. The computational system 700 of the inven-
tion may include a method to classify areas of abnormal
spectral behavior. This classification method would serve to
distinguish between suspected abnormalities in terms of, for
example, condition, stage of development or severity. This
would be accomplished by analyzing the conformance of the
suspected area’s spectral signature to that for each stage or
condition.

[0194] Demarcation of Suspected Areas in Visible-Light
Color Image. The computational system 700 of the invention
suitably may include a method to demarcate the pixels of the
final diagnostic image that contains suspected abnormalities
from the rest of the organ under inspection, in order to
convey the diagnostic information to the user of the system
100. This can be achieved, for example, through assigning
the pixels a distinguishing color; the color may be assigned
based on the suspected abnormality’s classification, as deter-
mined by the previous section’s subroutine.
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[0195] Data Exportation to Displays. The computational
system 700 of the invention suitably may include may
include output devices 704, such as a display device, to
provide a method to export diagnostic data to the user. This
method would function to allow the user to view the analysis
of the computational system.

6.1.7 Distance Indexing Mechanism (Optional)

[0196] The invention can optionally include a distance
indexing mechanism. Such a component would function to
track the distance from one location pertinent to the inven-
tion’s function to another location. For example, in the
embodiment of the invention that is used to detect colorectal
lesions, the distance might be from the body’s exterior to a
probe containing the entry lens, which would detect a
suspected lesion along the path of the colon.

[0197] This component may be actuated in a number of
different ways. For example, the probe containing the entry
lens may be marked along its side, so that distance could be
read manually at places where a lesion is suspected. Alter-
natively, the system could contain an electronic method for
measuring distance traveled, such as a tracker or other such
device.

6.1.8 Overlain-Eyepiece User Interface

[0198] The optical scope system 100 of the invention may
include a physical user interface to allow the user to view the
data through an eyepiece 107, 306, which is the standard
interface on many optical scopes (e.g. a colposcope for
cervical lesion detection). In some embodiments, the inter-
face is an overlain-eyepiece display 106 (e.g., as illustrated
in FIG. 1). The overlain-eyepiece display 106 may include
a computer-driven image display device, and may also
include a servo motor or other actuator.

[0199] Computer-Driven Image Display Device. The sys-
tem 100 of the invention may include a computer-driven
imaging subsystem, e.g., in embodiments that include an
overlain-eyepiece display 106. The imaging subsystem can
be used to present imagery from the computation system 700
to the eyepiece 107, 306 of the optical scope 100a.

[0200] Dial 401 (see, Section 6.1.4) can be included to
permit the user to select the mode of operation in which
digital imaging is active. The computational system 700 can
affect the motor to position the image display device in the
optical path leading to the eyepiece 107, 306, thercby
blocking the light coming from the scope optics. Alterna-
tively, the position of the image display device can be
effected by mechanical means. Dial 401 (see Section 6.1.4)
can also be used to permit the user to inactivate digital
imaging.

[0201] In some embodiments, the back of the image
display device 110 can be painted or otherwise coated with
a light-absorbing coating, such as a flat-black coating, to
absorb the light being directed to it by the beam splitter 304,
and thereby to prevent corruption of the imaging device 305
image caused light from reflecting back to the beam splitter
304 and into the field of view of the imaging device 305.

[0202] The imaging device may be, for example, an LCD
device, a ferro-reflective display device, or another image-
producing display device.

[0203] Motor or Other Actuator. The embodiment of the
invention that contains this overlain-eyepiece display 106
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can include a motor, such as a servo motor, or other such
actuator. The motor or other actuator will move the image
display device in and out of the optical path. In one
embodiment, the motor will receive its control signals from
the computational system 700, based on the position of the
dial 401. Alternatively, the computational system 700 will be
programmed to permit the user to select the mode of
operation (i.e., move the image display device in or out of
the optical path) using an input, such as an input from a
mouse, keyboard and/or other input device, e.g., by “click-
ing on” or selecting a virtual online switch displayed on a
display device.

6.1.9 Software-Driven Console User Interface

[0204] The invention may also include a user interface
console 110. The user interface console 110 may be software
driven, e.g., via software loaded in a processor and driven by
various input devices, such as a touch-screen input device,
a mouse, joystick, or various switches or dials, that enable
the user to provide inputs to the system. The input devices
may be coupled to the processor by various means known in
the art, and may be wireless. In some embodiments, input
devices will be mounted on the optical scope 100a.

[0205] The user inputs may, for example, instruct the
system to control various system capabilities, such as opera-
tional capabilities and/or analytical capabilities. For
example, such input means may enable the user to select
various modes of operation, change display options, move
the image display device in and out of the optical path, move
the dichromatic beam splitter 404 and/or the mirror 405 in
or out of the optical path, and the like.

[0206] The user interface console 110 may allow the user
to select between various modes of operation. For example,
the user console may permit the user to select continuous
processing mode, in which current imagery is acquired by
the MWIOS 500, analyzed in the computational system 700,
and displayed on the user console 110. Alternatively, the user
console may permit the user to select a single-frame pro-
cessing mode, in which the process is performed only when
triggered through software by the user.

[0207] The user interface console 110 may include one or
more output devices for communicating information to the
user or others, such as display devices, printer devices, as
well as devices for transmitting data to other computers
(e.g., via the Internet), such as modems.

[0208] The interface may permit the user interactively to
display, to manipulate and/or to analyze the images. For
example, the user may use various input devices associated
with the user console 110 to display an interactive spectral
response utility showing the spectral behavior of the
acquired samples along a user-positioned line segment or
other shape outline in the image, e.g., as illustrated in FIG.
2.

[0209] Preferably, the display will permit the user to show
the intensity-normalized brightness values (axis marked
“Intensity”) at all wavelengths of interest (axis marked
“Sampling Wavelength 8”) along the samples, or pixels (axis
marked “Samples™) intersected by the line segment. By
moving and/or rotating the line segment with an input device
(e.g., a simple mouse-based interface), the user can visualize
the spectral response along arbitrary curves on the surface of
the tissue (a line in the raw optical scope image projects to
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a curve on the surface of the tissue, as shown in FIG. 2). By
changing the length of the line segment, the user will be able
effectively to zoom in on an area of interest and closely
inspect the spectral response of suspicious locations on the
tissue (e.g., on the cervix).

[0210] Computational system 700 may also be pro-
grammed to permit the user to use console 110 to explore
raw individual-wavelength images, to magnify images, to
record and to store data, and the like.

6.2 Substrate Analysis

[0211] The invention provides methods for using the appa-
ratus 100a and system 100 of the invention to analyze
optically a substrate 101. The methods of the invention
generally involve emitting light upon a substrate 101, col-
lecting light reflected from the substrate 101, and recording
and analyzing the light to provide information about the
optical characteristics of the substrate 101.

[0212] The ensuing examples focus on the embodiment in
which the substrate 101 is a tissue substrate (human tissue or
animal tissue), and the analysis relates to optical character-
istics useful for identifying tissue abnormalities, such as
pre-cancerous and cancerous lesions, glucose abnormalities
and burn injuries. However, it will be appreciated that the
methods of the invention will be useful in the analysis of
other substrates 101 as well, including for example, in vitro
tissue samples; manufactured materials such as plastics and
metals; soil or other materials.

6.2.1 Lesion Detection and Identification

[0213] The methods of the invention can be employed in
the detection of tissue lesions.

[0214] Operation in Principle. The embodiment of the
invention that detects tissue lesions operates in principle in
the following way: certain wavelengths of light are selected
for their known, distinct behaviors when interacting with
healthy tissue and with tissue lesions; these wavelengths are
extracted from light reflected off of the tissue and imaged,
the wavelength-specific images are studied for the pre-
determined characteristics associated with tissue lesions.

[0215] For example, referring now to FIG. 2, a tissue
sample is schematically illustrated at the bottom of the
figure, and above the tissue sample, its spectral signature
across several chosen wavelengths is presented. In the
lowest wavelengths of this sample (i.e., those toward of the
end of the “sampling wavelength” axis marked “visible”),
the intensities for the samples relating to the lesion are much
lower than those for healthy tissue. A demonstrated expla-
nation for this is that the lower wavelengths tend to absorb
into hemoglobin, which is present in greater quantities in
lesions than in healthy tissue, so less light is reflected.
Likewise, these intensities may become higher than the
healthy samples as the wavelength increases; it has also been
demonstrated that the higher wavelengths tend to scatter
more in lesions, so more reflected light of these wavelengths
may be received by a detector.

[0216] However, it is not expected that such monotonic
behavior will be consistently encountered; due to the com-
plexity of light’s interaction with the realm of tissue, for
instance human tissue, healthy tissue on one patient may
exhibit a very different spectral signature from equally
healthy tissue on another. Because of this, embodiments of
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the invention to be used for tissue lesion detection should
first undergo extensive ratiometric analysis, as detailed in
the following section.

[0217] Ratiometric Analysis. The system of the invention
can be programmed to distinguish spectral abnormalities
associated with the specific lesions being targeted across a
broad range of patients. This multi-wavelength response
pattern range can be determined through ratiometric (or
“principal component”) analysis of spectral data, which will
result in a “z-score”—i.e., a weighted linear combination of
the intensity values of each wavelength in ratio to each other.

[0218] The magnitude of the coefficients is determined by
how heavily the ratio of wavelength intensity influences the
spectral signature of the given lesion type; each lesion
classification to be detected by the system will be assigned
its own z-score. For example, in an embodiment of the
system wherein the selected wavelengths are 750 nm, 850
nm, and 950 nm, the z-score would take the form

Z=0R750Rg50+B*R750R050+1 Res0Ros0

where the coeflicients are represented by the Greek letters a,
B, and y, and where R. 5o, Rss, and Ry, indicate the
normalized intensity responses at the wavelengths 750 nm,
850 nm, and 950 nm, respectively.

[0219] This data can be obtained by performing statistical
analysis on a large database of spectral signatures taken in
vivo from various patients, along with the correspondent
pathological results (as determined by, for example, biopsy).
Such a database should contain many hundreds, more par-
ticularly thousands, of samples, and the demographic array
of patients included should be inclusive of different races
and ethnicities, in order for the system to perform in a
desirably accurate manner.

[0220] Lesions can be automatically detected by compar-
ing the data obtained from target tissue areas to these
standardized data patterns. Thus, in one aspect of the inven-
tion, a potential lesion is detected when a tissue region is
identified which has a multi-wavelength response pattern
that (a) significantly matches the standardized data pattern of
a target lesion, and/or (b) differs significantly from the
multi-wavelength response pattern of comparable normal
tissue in the subject.

[0221] Practical Implementation. FIG. 8 presents in flow-
chart form a typical procedure for using a system of the
invention, such as the system 100 described in FIG. 1, for
detecting a tissue lesion.

[0222] Referring to FIG. 1 and FIG. 8, according to the
method, the entry lens 103 of the optical scope 1004 is
positioned at an appropriate distance from the target tissue
substrate 101 on the subject (ST1, ST2). This positioning
step may be preceded by appropriate patient positioning or
surgical steps necessary to expose or otherwise provide
access to the target tissue substrate 101. Exact positioning
will vary depending on a variety of factors, such as the
brightness of the light being used and the type of tissue
substrate 101 being analyzed. The optical scope 100qa is
appropriately positioned when the scope can collect suffi-
cient light to perform its function, i.e., gather sufficient
reflected light to identify a lesion, and preferably sufficient
light information to permit the system 100 to identify the
lesion and differentiate the lesion from other lesions.
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[0223] Tt will be appreciated that for embodiments of the
invention that detect lesions on large organs, such as the
colon, this positioning step may need to be repeated several
times during the examination. In this case, if the system of
the invention includes a distance indexing mechanism as
described in Section 6.1.4, then the distance for each imag-
ery set acquired will be noted, through manual and/or
automatic means.

[0224] Certain areas of the tissue may exhibit specular
highlights, so that measurements cannot be taken, while
other areas, particularly those that are either shadowed or
nearly tangential to the oncoming light, may not reflect
sufficient light. To inspect such areas, the user can manipu-
late the tissue being inspected (the cervix, for example), or
alternatively, the light source, so that the tissue is adequately
exposed and illuminated to reflect sufficient light to permit
effective analysis.

[0225] By appropriately positioning the BS/MC 400, the
user selects whether to use the optical scope 100a as a
conventional scope or to use the enhanced lesion-identifi-
cation capabilities of optical scope 100a. In the latter case,
light encompassing all wavelengths of interest is emitted on
the tissue 101. In a preferred embodiment, wideband white
light from any or all of the ultraviolet, visible, near-infrared,
and infrared ranges is emitted onto the tissue 101. Individual
wavelengths will absorb into or reflect off of the tissue to
different degrees based on the physical composition of the
tissue 101.

[0226] The BS/MC 400 of the invention is arranged in the
optical path and directs a portion of incoming visible light
via the scope optics for viewing via eyepiece 107, 306, and
the remainder of the light into the MWIOS 500. In a
preferred embodiment, the amount of light directed via the
scope optics for viewing via eyepiece 107, 306 is mini-
mized, and the amount of light directed into the MWIOS 500
is maximized to provide maximal diagnostic image resolu-
tion in the MWIOS 500.

[0227] For example, in one embodiment, the BS/MC 400
directs at most 30% of incoming visible light via the scope
optics for viewing via eyepiece 107, 306, and the remaining
light (at least 70% visible) into the MWIOS 500. Preferably
all or substantially all non-visible light is directed into the
MWIOS 500. Thus, as another example, the BS/MC 400
directs at most 30% of incoming visible light via the scope
optics for viewing via eyepiece 107, 306, and the remaining
light (at least 70% visible and 100% NIR and IR) into the
MWIOS 500.

[0228] Light of the first individual wavelength or wave-
length band travels through the first filter 502a and lens 5034
set to the first imaging device 504a, which images the target
tissue 101 at only the first wavelength band of interest. The
remaining light is directed to the next interference filter
502b, which in the substantially the same manner results in
the imaging of the second wavelength of interest. This
process is repeated as many times as there are filters 502 or
wavelengths of interest. The images collected by the imag-
ing devices 504 are transmitted to the computational system
700 for analysis.

[0229] The transmitted narrowband-wavelength images
are acquired into the computational system 700 video cap-
ture cards, and are digitized if not already in digital form.
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This image set is then analyzed in the image processing
pipeline described above in Section 6.1.6.

[0230] In near-real time, a user, such as an administering
physician or technician, can view the resulting diagnostics
of the invention. Using an optical device such as a “half-
silvered mirror” or an image display device, the suspected
lesions can be superimposed over the view seen by the
optical scope 100a standard eyepiece view, which most
users will already be accustomed to using. An interactive
console 110 can also be used to display the results, allowing
for extended investigation of the diagnostic data. The system
100 can be backward-compatible, or configured to permit
the user to disable the analytical capabilities of the invention
and instead operate as a conventional optical scope, by using
a mechanism to block temporarily the reflected light from
entering the MWIOS 500.

[0231] For example, the optical scope 100a can be con-
figured to permit the user to view results, for instance, a
camera frame with the diagnostic data superimposed on the
unmodified camera image of the tissue, through the eyepiece
107, 306 of the optical scope 100a. This option can be
achieved, for example, by positioning a digital imaging
device and a half-silvered mirror to superimpose the diag-
nostic imagery onto, and optically combine it with, the
optical path of the optical scope 100a.

[0232] Imagery from the optical scope 100a may also be
displayed on an output display unit 110, such as a CRT or flat
panel display of a computer system. This approach provides
a convenient way for the user to view the data, and the data
may be further processed. The diagnostic results are pre-
sented to the display unit by the processor, preferably loaded
with a software module of the invention. The software can
provide the user with data manipulation capabilities, such as
magnification, isolation of individual conditions.

[0233] In some embodiments of the invention, the system
100 includes only the capability of viewing the image
through the optical scope 100a. In other embodiments, the
system 100 includes only the capability of viewing the
image through a display unit 110. In still other embodiments,
the system 100 includes both the capability of viewing the
image through the optical scope 100« and via a display unit
110.

[0234] Incertain embodiments, after the images have been
viewed and/or recorded, the system 100 immediately out-
puts information characterizing any lesion identified. Such
information may, for example, include a map of the tissue
analyzed identifying the specific location of any lesions
identified. The information may also include diagnostic
characterization information, such as information about the
type of lesion identified or information about types of
lesions ruled out by the analysis.

[0235] The system 100 may characterize a lesion as a
specific lesion type, or may characterize the lesion as a
member of a certain set of lesions which share the charac-
teristics of the lesion in question. The system 100 may
further output information showing the statistical probability
that a lesion is of a certain type, e.g., “the lesion has the
characteristics of a lesion of type A; 80% of lesions having
these characteristics are of type A” or “the lesion has the
characteristics of a lesion of types A, B and C; 70% of
lesions having these characteristics are of type A, 20% are
of type B, and 10% are of type C.”
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[0236] Based on the results of the analysis, the user can
directly report the results to the subject. Thus, for example,
in one embodiment, the invention provides a diagnostic
method in which a system of the invention is used to image
tissue of a subject; the image is analyzed to produce a
diagnosis; and the diagnosis is communicated to the subject
on the same day, preferably almost instantaneously.

[0237] In another embodiment, the invention provides a
diagnostic method in which a system of the invention is used
to image tissue of a subject; the image is analyzed to
determine whether a biopsy is needed; and if the analysis
indicates that a biopsy is needed, the biopsy procedure is
performed on the same day as the analysis.

[0238] Instill another embodiment, the invention provides
a surgical method in which a system of the invention is used
to image tissue of a subject during a surgical procedure; the
image is analyzed to determine whether, for example, certain
tissue should be removed; and if the analysis indicates that
tissue should be removed, the tissue is removed during the
surgical procedure or in a subsequent surgical procedure.

6.2.2 Direct Characterization of Tissue Using Standard
Laboratory Classifications

[0239] The methods of the invention allow for more
specific characterization of an abnormality once it has been
targeted. For example, in the embodiment of the invention to
detect cervical cancer (described in the following section), a
suspected lesion on the cervix may be classified according to
the Bethesda system, which is used by most laboratories that
categorize the results of the Papanicolaou test. Alternatively,
the results could be classified as they would be in standard
white-light colposcopy, of which this embodiment of the
invention is an enhancement.

6.2.3 Colposcopy Enhancement for Rapid Cervical Cancer
Screening

[0240] The methods of the invention include a rapid
screening method for lesions on the cervix, such as cancer-
ous and pre-cancerous lesions, based on ca conventional
colposcopy exam. The system of the invention can produce
a wide-area, high-resolution screening capability using full-
frame (i.e. high-resolution) imaging devices. This wide-area
screening capability can permit the entire cervix to be
imaged in the frame at once. The rapid cervical cancer
screening method generally involves the following steps:

[0241] Positioning the scope. The user positions the diag-
nostic colposcope in sufficient proximity to the cervix to
permit imaging, and the user powers up the device. Prefer-
ably, the diagnostic colposcope is within about 20 mm to
about 30 mm of the patient’s cervix.

[0242] Selecting an operation mode. In some embodi-
ments, the user selects an operation mode, e.g., continuous
processing mode or single-frame processing mode.

[0243] Analyzing wavelengths. The system can analyze
the individual wavelengths of interest for cervical cancers
and pre-cancers for abnormalities.

[0244] Viewing the results. The user can inspect the results
on either the eyepiece 107, 306 or console display 110. If
using the console display 110, the user can perform useful
manipulations of the imagery with the custom software
described above in Section 6.1.9.
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[0245] Determining next steps. Based on the results, the
user may diagnose the condition. If visual data reveal
cancerous or pre-cancerous lesions, appropriate steps can be
taken in accordance with standard medical practice for the
treatment of such lesions. A biopsy of the affected area may
be obtained for confirmation of the results. Appropriate
surgical procedures may be scheduled.

6.2.4 Colonoscopy Enhancement for Colorectal Cancer
Detection

[0246] Another embodiment of the invention involves the
detection of colorectal pre-cancers and cancers. This
embodiment of the invention can be implemented in hard-
ware by means of a flexible endoscope (along with inte-
grated fiber optic illumination) with an MWIOS 500 of the
invention. Like the cervix, the colon and rectum are covered
in epithelium, and cancerous and pre-cancerous lesions have
optical characteristics that are different from those of healthy
tissue. Thus, colorectal lesions can be investigated in sub-
stantially the same manner as those on the cervix.

6.2.5 Other Analytical Targets and Conditions Diagnosed

[0247] While the current specification describes the inven-
tion using cervical and colorectal lesions as examples of
lesions detectable by the system, it will be appreciated that
the system can be adapted to target lesions on any exposed
tissue surface, such as any epithelial tissue. The epithelium
covers most of the accessible internal organs in the body
(e.g. thorax, rectum, colon, cervix, vagina, skin). Further-
more, the invention may also be used to analyze bum
injuries and glucose abnormalities. Moreover, it will be
appreciated that not all of the steps described are required.
Also, the steps described may be accomplished in various
orders to obtain substantially the same results, and/or some
steps described may be accomplished in parallel.

[0248] Preferred analytical targets for the invention
include all organs lined in epithelial tissue, including, but not
limited to, endothelial tissue; simple or stratified epithelium;
squamous, cuboid or columnar epithelium; and ciliated or
glandular epithelium.

[0249] Examples of specific target organs include organs
of the thoracic cavity, other organs in the gastrointestinal
tract (e.g. anus, rectum, etc), and the epidermis. Examples of
cancers that can be diagnosed according to the methods of
the invention include, for example, carcinomas, such as
adrenocortical carcinoma, which arises from the adrenal
cortex; thyroid carcinoma, which arises from the thyroid,
nasopharyngeal carcinoma, which affects the nose and phar-
ynx; malignant melanoma, a cancer of the skin; skin carci-
nomas, such as basal cell carcinomas; and other carcinomas.

[0250] Another possibility for use of the invention is in the
surgical removal of the lesions or tumors being screened.
Such a device also should be very useful for ensuring that
the entire transformation area of the pre-cancer or cancer is
extracted.

7 EXAMPLES

7.1 Optical Scope and System for Use in Detecting Cervical
Pre-cancers and Cancers

[0251] In one embodiment, the system of the invention is
constructed as follows:

7.1.1 Embodiment 1

[0252] In this embodiment, the system is designed to
detect cervical pre-cancers and cancers. Several wave-
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lengths of interest are known in the art and thus have already
been identified for inclusion into such a system: 420 nm
[GEOR02, MIRAQ2], 500 nm [NORDO1], 849 nm
[HORN99], 956 nm [HORN99], and 1450 nm [ALI04].

[0253] The MWIOS 500 can be constructed with five
interference filters 502 for isolating and imaging the wave-
lengths of interest. The wavelengths of interest can be
transmitted to an image processing pipeline, which will
determine the optical properties of the target substrate. The
system can be calibrated using tissue phantoms (as
explained below in Section 7.2), and on in vitro tissue
samples (as explained below in Section 7.3).

[0254] Two optical paths for the MWIOS are now
described.
[0255] Referring now to FIG. 9, this embodiment depicts

an MWIOS prototype 900, which generally includes the
following components for analysis of a tissue phantom or in
vitro tissue sample 901:

[0256] Tissue Phantom or in vitro Tissue Sample 901 to
be analyzed

[0257] Ring Polarizer 902

[0258] Fiber Bundle to Light Source 903

[0259] Ring Light 904

[0260] Linear Polarizer 905

[0261] Lens 906 (preferably achromatic)

[0262] Filter Array 907 (preferably custom)

[0263] Image Intensifier 908 (preferably NIR)

[0264] Camera 909 (preferably CCD camera that is

NIR-Optimized)
[0265] Cable to Computational System 910

[0266] More particularly, the MWIOS prototype 900
employs an inexpensive image intensifier 908 and an NIR-
optimized CCD camera 909, which is able to image both
visible and (at a lower quality) near-infrared wavelengths, in
order to obtain preliminary performance feedback.

[0267] Referring now to FIG. 10, instead of the MWIOS
prototype 900 depicted in FIG. 9, shown is a (more costly)
MWIOS prototype 1000, which generally includes the fol-
lowing components for analysis of a tissue phantom or in
vitro tissue sample 1001:

[0268] Tissue Phantom or in vitro Tissue Sample 1001
to be analyzed

[0269] Ring Polarizer 1002

[0270] Fiber Bundle to Light Source 1003

[0271] Ring Light 1004

[0272] Linear Polarizer 1005

[0273] Lens 1006 (preferably achromatic)

[0274] Filter Array 1007 (preferably custom)

[0275] Beam Splitter 1008 (preferably dichromatic and

preferably “cold mirror”)
[0276]
[0277]

Focusing Lenses 1009
Camera 1010 (preferably CCD camera)
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[0278] Camera 1011 (preferably InGaAs camera)

[0279] Cable to Computational System 1012

[0280] More particularly, the MWIOS prototype 1000
generally employs an InGaAs-based camera 1011, which is
a sophisticated new technology for superior imaging of
wavelengths up to 1800 nm. However, the InGaAs camera
1011 is not sufficiently sensitive to the lower visible wave-
lengths (420 nm and 500 nm), so the MWIOS prototype
1000 also includes a CCD camera 1010 and a directive
dichromatic beam splitter 1008 (or “cold” mirror, as it
reflects visible wavelengths and transmits the NIR and IR
ranges), as shown in FIG. 10.

[0281] Other than this difference for the MWIOS proto-
type 900 and the MWIOS prototype 1000, the two optical
paths can be identical.

[0282] Similar to what is described above in Section 6.1.1,
the following discussion applies respectively to the MWIOS
prototype 900 of FIG. 9 and the MWIOS prototype 1000 of
FIG. 10.

[0283] A standard ring light source 904 or 1004 is passed
through a polarizer 902 or 1002 and illuminates the target
tissue 901 or 1001. The reflected light passes through a
linear polarizer 905 or 1005 and one or more achromatic
lenses 906 or 1006, which focus the wide band of wave-
lengths passing through the lens. The focused light then
passes through one of the interference filters in the custom
filter array 907 or 1007, which can contain the wavelengths
of interest. This array 907 or 1007 typically is altered
manually and the target re-imaged in order to obtain images
at all wavelengths of interest.

[0284] Once a full set of imagery is acquired, the compu-
tational system can analyze the set of imagery for optical
characteristics. The images are registered and intensities
normalized; the images are then be analyzed for areas whose
spectral characteristics closely match those determined to be
associated with abnormalities in initial calibration experi-
ments.

[0285] These areas are highlighted and presented to the
user on a console screen.

7.1.2 Embodiment 2

[0286] This embodiment is based on the schematic pre-
sented in FIG. 1. A standard colposcope, based on well-
established colposcopic optical diagrams, can be con-
structed, into which all ancillary components associated
with the invention can be integrated. The entrance portion of
the optical path will be similar to the MWIOS described in
Section 7.1.1, including a light source 102, a tissue target
101, an entry lens 103, 302 and an achromatic lens 104 for
wide-band distortion correction. In this embodiment, in
order to accommodate backward compatibility to a conven-
tional optical scope, the full-system’s optical path must
include a BS/MC 105 after the entry lens set 103, 302.

[0287] The MWIOS 500 of this embodiment may include
of four high-quality NIR-optimized CCD cameras, to indi-
vidually image the 420-nm, 500-nm, 849-nm and 956-nm
wavelengths, and one InGaAs camera, to image the 1450-
nm wavelength. While the images at 849 nm and 956 nm
would perhaps be better served by InGaAs cameras, prac-
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tical budgetary limitations must be taken into account at this
early stage. Additional InGaAs cameras may be employed.

[0288] The computational system 700 of this embodiment
will operate in substantially the same manner as that of the
Embodiment 1 described above. The image set obtained will
be registered and intensities will be normalized. The images
will then be analyzed for areas whose spectral characteristics
closely match those determined to be associated with abnor-
malities in initial calibration experiments; any such areas
will be highlighted for presentation on the user interface.

[0289] Custom housing can accommodate all physical
components of the optical scope 100q. In this embodiment,
the system components 1005 are provided separately. The
unit will be mounted on a lockable rolling stand 108, for ease
of use in clinical environments.

[0290] Various embodiments of the invention can undergo
testing to maximize their design effectiveness.

7.2 Tissue Phantom Tests

[0291] Tissue phantoms with an array of scattering and
absorption properties can be developed for both calibration
and testing of all instruments described in above. The
phantoms act as inexpensive optical proxies for real tissue
by presenting comparable absorption and scattering proper-
ties at each of the chosen wavelengths.

[0292] The components of the phantoms can be chosen
based on their own absorption and scattering coeflicients;
they can include one or more of: Intralipid™, a fat emulsion
that mimics bulk tissue; polystyrene spheres, which serve to
scatter light in a manner predicted by Mie theory; and
hemoglobin, the component of blood that absorbs light in
narrow bands; and India ink, which absorbs light over a
broad spectral range.

[0293] All embodiments of the invention should first be
calibrated to ensure proper performance. To simulate accu-
rately the coefficients of the health conditions to be detected
with the imaging instrument, it will be useful to alter
systematically the scattering (1..") and absorption (u,") coef-
ficients across the range expected in the prepared phantoms,
and to record correspondent changes in the intensity values
of the system’s imaging device.

[0294] For example, Hormung [HORN99] reports that
normal cervical tissue will exhibit a reduced scattering
coefficient p_=0.498 mm™" and an absorption coefficient of
11,'=0.057 mm™" at 956 nm while abnormal tissue will show
decreases in these values by up to 30%. Based on the model
of Van Staveren [ VANS91], the stock 10% Intralipid™ will
possess a reduced scattering coeflicient of approximately
1L'=10 mm™ at 956 nm and thus will be diluted 20:1 to
simulate normal tissue scattering. The solution will be
further diluted to simulate abnormal tissues.

[0295] The absorption characteristics can be varied by
adding small amounts of India Ink to the phantoms. India
Ink in concentrations of 1 mL/L will produce the absorption
coefficients needed to simulate tissues at the chosen wave-
lengths. The phantoms can be prepared to simulate the range
of expected scattering and absorption properties in 5%
intervals relative to the average measurements listed by
Hormung [HORN99] up to a 50% variation. As previously
stated, the system will observe and record each of these
combinations; the spectral variation of the absorbers (mea-
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sured as unusual combinations of intensity ratios) will
enable the system to distinguish between increased absorp-
tion and increased scattering.

[0296] Another battery of tests can be carried out on
imagery that simulates the more complex appearance of in
vivo tissue, where most of the imaged area consists of
healthy tissue and only sporadic fragments of diseased tissue
may be encountered. Using the stored images of Petri dish
phantoms differing only in composition, it is possible digi-
tally to create images of phantoms conforming to the above
description. This will be accomplished by digitally compos-
iting over an image of the “ealthy” phantom a fragment of
a pre-cancerous lesion phantom image acquired under the
same lighting conditions and using the same filter. (Gradi-
ents of intermediate- stage lesion and/or advanced-stage
lesion imagery can also be used, perhaps most accurately
mimicking the physical transformation zone of a cancerous
lesion.) By doing this for all inspected wavelengths, the user
can build sets of synthetic test data for the system. Further-
more, to simulate brightness variations, the user should also
acquire imagery of each of the phantoms using a range of
illumination intensities. By digitally blending portions of the
resulting darker and brighter images, the user can create test
imagery that simulates intensity gradients of curved sur-
faces, without having physically to alter the phantoms or
re-acquire any imagery.

7.3 In Vitro Tests

[0297] Various embodiments of the invention can be opti-
mized using in vitro tissue samples. Such samples include
entire cervices that have been resected during hysterectomy
procedures, and cone biopsy samples, wherein the entire
transformation zone of a lesion is removed from the cervix.

[0298] These tests will preferably be carried out in accor-
dance with a set protocol. Samples will be analyzed within
two hours following the extraction from the donor, or
samples will be refrigerated in a buffer solution such as
Hank’s Balanced Salt Solution (HBSS) until analysis.

[0299] Once ready for testing, the tissue will be laid out in
a Petri dish. A grid will be demarcated on it for ease of
geometric registration, using sutures or black India Ink. The
tissue will then be coated in acetic acid, which is known to
enhance spectroscopic markers [POGUO1]. Immediately
following coating, the system will take measurements; ace-
tic acid may be reapplied during testing as necessary.
Standard pathological evaluation will be used to validate the
findings of the invention.

7.4 In Vivo Tests in Human Subjects

[0300] Embodiments of the invention can also be evalu-
ated by in vivo tests on subjects in a clinical setting. These
experiments typically will have the following procedures (in
the order listed): standard, white-light colposcopy; colpos-
copy enhanced with the invention; and histological evalua-
tion through specimen biopsy.
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What is claimed is:
1. An apparatus for optically analyzing a substrate, the
apparatus comprising:

(a) a light source for directing light onto the substrate;

(b) optics for creating an optical path from light reflected
from the substrate;

(¢) a multiple wavelength imaging optical subsystem
positioned in the optical path and comprising:

(1) one or more filters which are capable of one or both
of:

(1) being alternatively or sequentially interposed in
the optical path to extract one or more of wave-
lengths or wavelength bands of interest; or

(2) having their wavelength selectivity adjusted to
extract one or more wavelengths or wavelength
bands of interest; and

(ii) one or more imaging devices positioned to image
the extracted wavelengths or wavelength bands of
interest from the one or more filters; and

(d) an imaging device positioned in the optical path.

2. The apparatus of claim 1 further comprising a means
for transmitting image data from the one or more imaging
devices, which means is capable of being electronically
coupled to a system to permit transmission of data from the
imaging device to the system.

3. An optical scope comprising the apparatus of claim 1,
wherein the optics are configured to permit a user to view the
substrate via the optics.

4. The optical scope of claim 3 wherein the optical scope
is one or both of:

(a) configured to permit a user to view an organ or
anatomical region selected from the group consisting of
airway, bronchi, vagina, cervix, uterus, urinary tract,
bladder, esophagus, stomach, duodenum, rectum, sig-
moid colon, colon, abdominal cavity, pelvic cavity,
thoracic cavity, epidermis; and combinations thereof;
or

(b) configured as a medical scope selected from the group
consisting of bronchoscope, colonoscope, colposcope,
cystoscope, hysteroscope, esophagogastroduodenos-
cope, laparoscope, proctosigmoidoscope, thorascope,
and combinations thereof.

5. The optical scope of claim 3 wherein the optical scope

is configured as a colposcope.

6. The optical scope of claim 3 wherein:

(a) the substrate comprises tissue; and

(b) the optical scope is configured to capture a full-frame
image of an area of the tissue to be examined.
7. The optical scope of claim 6, wherein:

(a) the full-frame image comprises a number of pixels
between about 4,000 and about 16,000,000; and

(b) the area to be examined is between 2 mm and 80 mm
at its widest cross-section.
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8. A system comprising the optical scope of claim 3
electronically coupled to a computer system, wherein the
computer system comprises:

(a) a computer processor;

(b) a means for transmitting image data from the one or
more imaging devices to the computer processor;

(c) an input device electronically coupled to the computer
processor; and

(d) an output device electronically coupled to the com-
puter processor.

9. The system of claim 8 wherein the processor is pro-

grammed and configured to permit the user to control one or

more system capabilities selected from the group consisting
of:

(a) electronically storing data, electronically transmitting
data, or both from the images;

(b) viewing analytical results via an eyepiece user inter-
face, an user console, or both;

(c) selecting an operating mode selected from the group
consisting of:

(i) continuous-processing mode, thereby acquiring new
sets of imagery on which to perform diagnostic
analysis in a continuous, uninterrupted manner; and

(ii) single-frame processing mode, in which the user
triggers the acquisition and analysis of a single set of
images; and

(ii1) combinations thereof;
and

(d) combinations thereof.

10. The system of claim 8 wherein the substrate is
analyzed based on data from the images about the optical
properties of the substrate by measuring the change in the
intensity of reflected light over a predetermined spectral
range, wherein:

(a) properties within a normal range are indicative of
normal tissue;

(b) properties outside a normal range are indicative of
abnormal tissue; and

(c) properties outside a normal range and in a recognized
range for a class, species, or both of lesion are indica-
tive of a lesion in said class, said species, or both.

11. The system of claim 8 wherein:
(a) the substrate comprises tissue,

(b) the computer system is programmed to conduct analy-
sis of the image data from a full-frame image of the
tissue to be analyzed from the one or more imaging
devices.

12. The system of claim 11 wherein the optical scope:
(a) 1s configured as a colposcope; and

(b) is configured to capture a full-frame image of the
Cervix.



US 2006/0184040 A1

13. The system of claim 11 wherein the optical scope:
(a) is configured as a colposcope; and

(b) is configured to capture a full-frame image of the
cervix wherein the image has from about 4,000 to about
16,000,000 pixels; and

(c) the system is programmed to analyze data from the

image pixels.

14. The apparatus of claim I wherein the wavelengths of
interest comprise one or more of individual wavelengths,
combinations of individual wavelengths, or wavelength
bands from one or more of the visible, near-infrared and
infrared ranges.

15. The apparatus of claim 1 wherein the light source is
filtered for removal of wavelengths selected from the group
consisting of:

(a) wavelengths that cause image corruption,

(b) wavelengths that cause undesirable thermal effects in
the images; and

(c) wavelengths that cause patient discomfort; and

(d) combinations thereof.

16. The apparatus of claim 1 wherein the light source is
supplemented with additional light in one or more wave-
lengths of interest.

17. The apparatus of claim 1 wherein the one or more
filters of the multiple wavelength imaging optical subsystem
comprise 1, 2, 3, 4, 5, 6 or more filters selected from the
group consisting of interference filters, dichroic filters, mul-
tiple-wavelength filter, and band-pass filters, and combina-
tions thereof.

18. The apparatus of claim 17 wherein the one or more
imaging devices of the multiple wavelength imaging optical
subsystem comprise 1, 2, 3,4, 5, 6 or more imaging devices,
each corresponding to the one or more filters and each of
which images a set of one or more continuous or discrete
wavelengths or wavelength bands from one or both of the
visible or near-infrared ranges.

19. The apparatus of claim 17 comprising 2, 3, 4, 5, 6 or
more filters ordered in a series, wherein each filter in the
series:

(a) permits a pre-selected set of one or more continuous
or discrete wavelengths or wavelength bands to pass
through and into an optical path that is directed to and
imaged by an imaging device;

(b) reflects light that does not pass through the filter to a
next filter in the series; and

(¢) functions (a) and (b) are performed by all filters in the
series in succession until a final filter, which reflects
substantially any remaining light to an absorbent sub-
strate.

20. The apparatus of claim 1 wherein the one or more
imaging devices comprise an imaging device or imaging
devices that simultaneously image a set of one or more
continuous or discrete wavelengths or wavelength bands
selected for spectrally distinctive behavior when interacting
with the physical or chemical components of a tissue abnor-
mality.

21. The apparatus of claim 20 wherein the one or more
continuous or discrete wavelengths or wavelength bands are
selected from one or more of the visible, near-infrared, and
infrared ranges.
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22. The apparatus of claim I wherein the one or more
imaging devices comprise one or more of a CCD-based
camera, a CMOS-based camera, an InGaAs-based camera,
image intensifier tubes, or mechanically scanning mirror
directed to a detector that receives sequentially scanned
pixels to form a 2D image.

23. The apparatus of claim 1 wherein the one or more
imaging devices do not comprise a point-source detector.

24. The optical scope of claim 3 wherein:

(a) the optics comprise a mechanism for splitting light in
the optical path into two or more output optical paths;

(b) one of said output paths is directed via the optics to the
imaging device for recording imagery; and

(c) another of said output paths is directed to an eyepiece

for viewing by a user.

25. The optical scope of claim 24 further comprising an
image display device, viewable by the user, which is elec-
tronically coupled to the imaging device.

26. The apparatus of claim 25 wherein the imaging device
has a minimum resolution of 300,000 pixels.

27. The apparatus of claim 25 wherein the image display
device is placed in an optical path leading to an eyepiece of
the optical scope so that the user is able to view an image
displayed on the image display device through the eyepiece.

28. The optical scope of claim 3 wherein the optics further
comprise one or more of the following optical components:

(a) a mechanism for alternatively inserting one or more
mirrors and beam- splitters into the optical path, such
that:

(1) when one or more of the mirrors or beam-splitters
are inserted into the optical path, the optical path is
separated into at least two separate optical paths
comprising:

(1) a first optical path directed to the multiple wave-
length imaging optical subsystem; and

(2) a second optical path directed through the optics
of the system, at least a portion of which reaches
an eyepiece for viewing of the image by a user;
and

(ii) when another one or more of the mirror(s) or
beam-splitter(s) are inserted into the optical path, the
multiple wavelength imaging optical subsystem is
avoided, and the optical scope functions as a con-
ventional scope;

(b) an electronically-alterable reflective-transmissive
device, the properties of which can be changed based
on an input signal to alternatively:

(1) separate the optical path into two separate optical
paths:

(1) a first optical path directed to a multiple wave-
length imaging optical subsystem; and

(2) a second optical directed through the remaining
optics of the system, at least a portion of which
reaches an eyepiece for viewing of the image by a
user;

(i1) reflect the light to avoid the multiple wavelength
imaging optical subsystem such that the optical
scope functions as a conventional scope.
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29. The apparatus of claim 28 wherein the optical com-
ponents direct substantially all of the light that is NIR and IR
light into the multiple wavelength imaging optical sub-
system.

30. A system comprising the optical scope of claim 6
electronically coupled to a computer system, wherein the
computer system comprises:

(a) a computer processor;

(b) a means for transmitting image data from the one or
more imaging devices to the computer processor; and

(¢) one or more peripherals electronically coupled to the
computer processor, the one or more peripherals com-
prising:

(1) an input device; and

(ii) an output device.
31. The system of claim 30, wherein:

(a) the multiple wavelength imaging optical subsystem is
configured to simultaneously image multiple images of
the tissue;

(b) each image has a separate set of one or more continu-
ous or discrete wavelengths or wavelength bands; and

(c) the computer system is programmed to analyze the
images to identify spectral abnormalities to identify
tissue abnormalities.

32. The system of claim 30, wherein:

(a) the multiple wavelength imaging optical subsystem is
configured to image multiple images of the tissue;

(b) each image has a separate set of one or more continu-
ous or discrete wavelengths or wavelength bands; and

(c) the computer system is programmed:

(1) to analyze the images to identify spectral abnormali-
ties to identify one or more tissue abnormalities; and

(i1) to provide output to a user where the output is
selected from the group consisting of:

(1) indicating a diagnosis of the one or more tissue
abnormalities;

(2) classifving the one or more tissue abnormalities;

(3) ruling out one or more diagnoses or classes of
abnormalities; and

(4) identitying the location of the one or more tissue
abnormalities; and

(5) combinations thereof.

33. The system of claim 30 wherein the processor is
programmed to identify variations in spectral signatures
across a series of images from the imaging devices.

34. The system of claim 33 wherein one or more of the
variations in spectral signatures are identified in light
reflected from epithelial tissue of one or both of the cervix
or the colon.

35. The system of claim 30 wherein the processor is
programmed to analyze the substrate based on information
from the images about one or more of the scattering,
absorbing and other such optical properties of the substrate
by measuring the change in the intensity of reflected light
over a predetermined spectral range, and wherein:
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(a) a change in the intensity of reflected light over a
predetermined spectral range that is outside the range
of the scattering, absorbing and other such optical
properties of normal tissue represents a potential abnor-
mality; or

(b) a change in the intensity of reflected light over a
predetermined spectral range that is outside the range
of the scattering, absorbing and other such optical
properties for normal tissue and inside the range of the
scattering and absorbing and other such optical prop-
erties of a tissue abnormality or class of tissue abnor-
malities represents potential abnormality or potential
member of a class of abnormalities, or

(¢) both.
36. The system of claim 30 further comprising a utility
programmed:

(a) to extract subsections of said substrate wherein one or
both of excessive light intensity or insufficient light
intensity prevents imaging of said substrate with suf-
ficient quality to permit the desired analysis, or

(b) to omit said subsections from diagnostic processing,
or

(¢) both.
37. The system of claim 30 further comprising a utility
programmed:

(a) to identify spectral attributes in image sub-areas
characteristic to a tissue abnormality or not character-
istic of normal tissue; and

(b) to provide output to a user indicating the location of
such image sub-areas.
38. The system of claim 37 wherein the output is selected
from one or both of:

(a) a visible monochromatic or color image of said
substrate displayed on a user interface; or

(b) one or more of the following displayed on the user
interface:

(i) one or more indicators pointing out, circumscribing
or highlighting any image sub-areas having spectral
attributes characteristic of a tissue abnormality or not
characteristic of normal tissue;

(i1) textual or symbolic information displayed on the
user interface communicating information relating to
classifying the tissue abnormality; or

(ii1) textual or symbolic information communicating
information of relevance to diagnosis or treatment of
the tissue abnormality.

39. The system of claim 37 programmed to permit a user
to provide input causing the system to provide an output
image of the substrate:

(a) which is digitally or optically magnified,;

(b) showing an individual wavelength or wavelength
band; or

(c) showing raw spectral data from the substrate; or

(d) combinations thereof.
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40. A method of detecting a tissue abnormality using the
apparatus of claim 3, the method comprising:

(a) emitting light from the light source onto tissue;

(b) directing light emitted reflected from the tissue via the
optics to the multiple wavelength imaging optical sub-
system, and isolating one or more wavelengths or
wavelength bands of interest;

(c) directing the one or more wavelengths or wavelength
bands of interest to the one or more imaging devices,
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and using the imaging devices to record images of the
one or more wavelengths or wavelength bands of
interest;

(d) transferring image data from the images to a compu-
tational system; and

(e) analyzing the images for one or more spectral patterns
associated with one or more tissue abnormalities.
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