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57 ABSTRACT

The present invention includes an apparatus and methods for
use of a hyperspectral surgical laparoscope that includes an
illuminated laparoscope; a liquid crystal tunable filter gener-
ally center-mounted on the laparoscope and positioned to
collect back-reflected light from a target; a relay lens gener-
ally center-mounted on the laparoscope to focus light from
the liquid crystal tunable filter; and a focal plane array gen-
erally center-mounted on the laparoscope, wherein light that
is reflected from the target is imaged on the focal plane array
and captured as a digital data cube.
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CHARACTERIZATION OF A
NEAR-INFRARED LAPAROSCOPIC
HYPERSPECTRAL IMAGING SYSTEM FOR
MINIMALLY INVASIVE SURGERY

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to U.S. Provisional
Patent Application No. 60/943,260, filed Jun. 11, 2007, the
entire contents of which are incorporated herein by reference.

TECHNICAL FIELD OF THE INVENTION

[0002] The present invention relates in general to the field
of surgery and imaging and, more particularly, to an appara-
tus, method and system for near-infrared laparoscopic hyper-
spectral imaging system for minimally invasive surgery.

STATEMENT OF FEDERALLY FUNDED

RESEARCH
[0003] None.
BACKGROUND OF THE INVENTION
[0004] Without limiting the scope of the invention, its back-

ground is described in connection with hyperspectral imag-
ing.

[0005] A number of hyperspectral imaging systems have
been developed that are in current use. One such system is
taught in U.S. Pat. No. 7,149,366, issued to Sun for a high-
definition hyperspectral imaging system. Briefly, a compact
high-definition hyperspectral imaging system (HDHIS) is
taught for light aircraft remote sensing to perform concurrent
pushbroom hyperspectral imaging and high-resolution pho-
tographic imaging. The HDHIS includes a sensor head hav-
ing a hyperspectral scanner and a CCD digital camera. An
airborne computer interfaces with the sensor head to provide
data acquisition including hyperspectral quick view images
and control functions.

[0006] Yet another hyperspectral system in taught in U.S.
Pat. No. 6,992,775, issued to Soliz, et al., for a hyperspectral
retinal imager. Briefly, an ophthalmic instrument (for obtain-
ing high resolution, wide field of area hyperspectral retinal
images for various sized eyes) includes a fundus retinal
imager, (which includes optics for illuminating and imaging
the retina of the eye); an apparatus for generating a real time
image of the area being imaged (and the location of the
hyperspectral region of interest); a high efficiency spatially
modulated common path Fourier transform hyperspectral
imager, a high resolution detector coupled optically to the
hyperspectral and fundus imager optics; and a computer
(which is connected to the real time scene imager, the illumi-
nation source, and the high resolution camera) including an
algorithm for recovery and calibration of the hyperspectral
images.

[0007] Another such system is taught in U.S. Pat. No.
6,937,885, issued to Lewis, et al., which teaches a multispec-
tral’/hyperspectral medical instrument. Briefly, a medical
instrument includes a first-stage optic responsive to a tissue
surface of a patient; a spectral separator optically responsive
to the first stage optic and having a control input; an imaging
sensor optically responsive to the spectral separator and hav-
ing an image data output; and a diagnostic processor having
an image acquisition interface with an input responsive to the
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imaging sensor and a filter control interface having a control
output provided to the control input of the spectral separator.
[0008] U.S. Pat. No. 6,640,132, issued to Freeman, et al.,
teaches a forensic hyperspectral apparatus and method. The
invention relates to a portable imaging device, such as hyper-
spectral imaging devices, useful for forensic and other analy-
sis, and methods for using these devices. Devices of the
invention provide images and patterned data arrays represent-
ing images in multiple discrete spectra that can then be
summed or processed to allow for detection of patterns or
anomalies in the data collected.

[0009] Finally, U.S. Pat. No. 6,160,618 issued to Gamer,
teaches a hyperspectral slide reader. Briefly, an apparatus and
method for analyzing samples on a slide is taught that
includes a slide mover positioned to hold a slide, a imaging
spectrometer positioned in the path of light from the slide to
split the light line into a light array, a light amplifier may be
positioned between the imaging spectrometer and a camera,
is disclosed. The camera can detect the entire spectrum of
light produced by the imaging spectrometer.

SUMMARY OF THE INVENTION

[0010] The presentinventors developed and characterized a
new imaging platform for minimally invasive surgical ven-
ues, specifically, a system to help guide laparoscopic sur-
geons to visualize the macro and micro anatomy of a tissue,
e.g., biliary anatomy. The platform is a novel combination of
a near-infrared hyperspectral imaging system coupled with a
conventional surgical laparoscope. Intra-operative tissues are
illuminated by optical fibers arranged in a ring around a
center-mounted relay lens collecting back-reflected light
from tissues to the hyperspectral imaging system. The system
includes a focal plane array (FPA) and a liquid crystal tunable
filter (LCTF), which is continuously tunable in the near-
infrared spectral range of 650-1100 nm with the capability of
passing light with a mean bandwidth of 6.95 nm and the FPA
is a high-sensitivity back-illuminated, deep depleted charged
coupled device.

[0011] Forexample, placing a standard resolution target 5.1
cm from the distal end of the laparoscope, a typical intraop-
erative working distance, produced a 7.6 cm diameter field of
view with an optimal spatial resolution of 0.24 mm. In addi-
tion the system’s spatial and spectral resolution and its wave-
length tuning accuracy are characterized. The spectroscopic
images are formatted into a three dimensional hyperspectral
image cube and processed using principle component analy-
sis. The processed images enhance the contrast between
chemically different anatomical structures and help identify
the main molecular chromophores inherent to each tissue.
The principal component images were found to enhance the
contrast of the swine gallbladder and biliary structures from
surrounding tissues, in real time, during cholecystectomy
surgery. Furthermore, it is shown that surgeons can interro-
gate selected image sub-regions for their molecular compo-
sition during surgery and before any invasive action is under-
taken.

[0012] More particularly, the present invention includes a
hyperspectral surgical laparoscope having an illuminated lap-
aroscope; a liquid crystal tunable filter generally center-
mounted on the laparoscope and positioned to collect back-
reflected light from a target; a relay lens generally center-
mounted on the laparoscope to focus light from the liquid
crystal tunable filter; and a focal plane array generally center-
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mounted on the laparoscope, wherein light that is reflected
from the target is imaged on the focal plane array and cap-
tured as a digital data cube.

[0013] In one aspect, the illuminated laparoscope delivers
continuously tunable light in the near-infrared spectral range
0f 650-1100 nm. One example of a light is in the focal plane
array and has a mean bandwidth of 695 nm. The focal plane
array may be a high-sensitivity, back-illuminated, deep
depleted charged coupled device. The digital data cube may
be formatted into a three dimensional hyperspectral image
cube and processed using principle component analysis. The
digital data cube may also be processed to enhance the con-
trast between chemically different anatomical structures due
to chromophores inherent to the target, chromophores that
have been added to the target or both. Examples of targets
include an intraperitoneal tissue, a gall bladder or a bile duct.
The laparoscope may be connected to a light source compris-
ing a visible to near infrared liquid light guide, e.g., a 250-W
quartz-tungsten-halogen broadband source. The apparatus
may also include an ultraviolet radiation filter positioned
between a light source and the target. The liquid crystal tun-
able filter may be an electronically controlled and continu-
ously tunable filter with 150 ms tuning response time and a
clear 20 mm aperture.

[0014] Another embodiment of the present is a near-infra-
red hyperspectral surgical laparoscope that includes an near-
infrared illuminated laparoscope; a liquid crystal tunable fil-
ter generally center-mounted on the laparoscope and
positioned to collect back-reflected light from a target; a relay
lens generally center-mounted on the laparoscope to focus
light from the liquid crystal tunable filter; and a focal plane
array comprising a high-sensitivity, back-illuminated, deep
depleted charged coupled device generally center-mounted
on the laparoscope, wherein light that is reflected from the
target is imaged on the focal plane array and captured as a
digital data cube. In one aspect, the illuminated laparoscope
delivers continuously tunable light in the near-infrared spec-
tral range of 650-1100 nm. One example of a light is in the
focal plane array and has a mean bandwidth of 695 nm. The
focal plane array may be a high-sensitivity, back-illuminated,
deep depleted charged coupled device. The digital data cube
may be formatted into a three dimensional hyperspectral
image cube and processed using principle component analy-
sis. The digital data cube may also be processed to enhance
the contrast between chemically different anatomical struc-
tures due to chromophores inherent to the target, chro-
mophores that have been added to the target or both.
Examples of targets include an intraperitoneal tissue, a gall
bladder or a bile duct. The laparoscope may be connected to
a light source comprising a visible to near infrared liquid light
guide, e.g., a 250-W quartz-tungsten-halogen broadband
source. The apparatus may also include an ultraviolet radia-
tion filter positioned between a light source and the target.
The liquid crystal tunable filter may be an electronically
controlled and continuously tunable filter with 150 ms tuning
response time and a clear 20 mm aperture.

[0015] Yet another embodiment is a method of non-inva-
sive imaging method to identify a biliary tree structure that
includes imaging the biliary tree structure with a laparoscope
using a liquid crystal tunable filter (LCTF) positioned to
collect back-reflected light from a target; a relay lens center-
mounted on the laparoscope to focus light from the liquid
crystal tunable filter; and a focal plane array (FPA), wherein
light that is reflected from the target is imaged on the focal
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plane array and captured as a digital data cube; and processing
the digital data cube to enhance the contrast between chemi-
cally different anatomical structures due to chromophores at
the target. The digital data cube may be processed to enhance
the contrast between chemically different anatomical struc-
tures due to chromophores inherent to the target or to enhance
the contrast between chemically different anatomical struc-
tures due to chromophores that have been added to the target.
In one aspect, the laparoscope is connected to a light source
comprising a visible to near infrared liquid light guide. One
example of alight source is a 250-W quartz-tungsten-halogen
broadband source.

[0016] The present invention also includes a method of
conducting a cholecystectomy and a system for laparoscopic
cholecystectomy by imaging laparoscopic surgery imaging
the intraportal structure with a near infrared laparoscope that
includes a liquid crystal tunable filter (LCTF) positioned to
collect back-reflected light from a target; a relay lens center-
mounted on the laparoscope to focus light from the liquid
crystal tunable filter; and a focal plane array (FPA), wherein
light that is reflected from the target is imaged on the focal
plane array and captured as a digital data cube; processing the
digital data cube to enhance the contrast between chemically
different anatomical structures due to chromophores at the
target; and removing those tissue that are identified in need of
removal.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] For a more complete understanding of the features
and advantages of the present invention, reference is now
made to the detailed description of the invention along with
the accompanying figures and in which:

[0018] FIG. 1 shows an in-vivo near-infrared laparoscopic
hyperspectral imaging system.

[0019] FIGS. 2A to 2C are graphs that show the near-
infrared LCTF (NIR-50970a) calibration (2A), the diamonds
indicate the experimental values and the dashed line indicat-
ing the regressed line. The x axis represents the center wave-
lengths, CW, the LCTF was expected to transmit, and the y
axis depicts actual measured center wavelengths transmitted.
FIG. 2B is the near-infrared LCTF (NIR-50970a) bandwidth
characteristics measured at the FWHM shown at every 20 nm
as the filter is tuned through its wavelength range. FIG. 2C
shows the spatial resolving power of the laparoscopic hyper-
spectral imaging system determined by a contrast transfer
function analysis. The percent contrast, C, is plotted as a
function of spatial resolution (mm). Employing the full FPA
chip (1340x400) binning 1x1 (diamonds); (640x200) bin-
ning 2x2 (squares); (447x133) binning 3x3 (triangles); (355x
100) 4x4, (x’s). Placing a 1951 USAF resolution target 5.1 cm
from the laparoscope with the LCTF tuned to a center pass-
band of 750 nm and utilizing the full FPA chip binning pixels
1x1 provides a 0.24-mm spatial resolution based upon the
Rayleigh criterion, represented by the dotted line.

[0020] FIG. 3 is alaparoscopic picture using a conventional
digital camera and endoscope (Karl Storz) during closed lap-
aroscopic procedures picturing the gallbladder (3A) and liver
(3B).

[0021] FIG. 4 is a second principle component spectrum
(4A) and corresponding principle component image (4B) of
the gallbladder and liver collected with the laparoscopic
hyperspectral imager during closed cholecystectomy. Fifth
principle component spectrum (4C) and corresponding prin-
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ciple component image (4D) of the gallbladder and liver
collected with the laparoscopic hyperspectral imager during
closed cholecystectomy.

[0022] FIGS. 5A to 5C show that the fifth principle com-
ponent image (5A) was found to provide the best discrimi-
nating capacity for contrasting gallbladder from liver, which
was confirmed by the morphology and spectra. Measured
spectra within the area indicated by each sampling box in
(5A) were average and plotted. Spectrum (5B) contains an
absorption peak at 760 nm (1) characteristic of deoxyhemo-
globin, followed a broad banded absorption beyond 800 nm
(2) typical of oxyhemoglobin, with lipids at 930 nm (3)
broadening the main 970 nm water peak (4) a molecular
mixture consistent with known constituents contained within
gallbladder. In contrast, spectrum (5C) from the liver mea-
sured absorbance from deoxyhemoglobin (1) and oxyhemo-
globin (2).

[0023] FIG. 6 shows spectra (A1-A3 and B1-B3) sampled
from gallbladder (column A) and liver (column B) from three
different pigs (rows 1-3). The salient spectral features for
oxyhemoglobin, deoxyhemoglobin, lipids and water in each
of'the reflectance spectra can be identified by the correspond-
ing peaks in FIGS. 5B and 5C.

[0024] FIG.7 shows a principle component analysis (PCA)
image visualizing the Gallbladder, liver, and cystic duct and
their associated spectra.

[0025] FIG. 8 shows fat and its associated spectrum lying
along the stomach within a PCA image.

[0026] FIG. 9 shows a PCA image from data collected with
the infrared hyperspectral imager is compared to a conven-
tional black and white photo of the gallbladder taken with a
standard surgical Karl Storz laparoscopic system.

[0027] FIG. 10 shows the laparoscopic hyperspectral data
and its principle component image visualizing intraportal
structures (artery, vein and bile duct) through connective tis-
sue without using contrast agents.

[0028] FIG. 11 shows that a principle component image,
left, has greater specificity for imaging the human bile duct
through undissected connective tissue of the porta than a
standard black and white picture, right image.

[0029] FIG.12shows individual measured spectra sampled
from the human gallbladder, biliary tree and fat indicate the
system is capable of differentiating fat and bile.

DETAILED DESCRIPTION OF THE INVENTION

[0030] While the making and using of various embodi-
ments of the present invention are discussed in detail below, it
should be appreciated that the present invention provides
many applicable inventive concepts that can be embodied in a
wide variety of specific contexts. The specific embodiments
discussed herein are merely illustrative of specific ways to
make and use the invention and do not delimit the scope of the
invention.

[0031] To facilitate the understanding of this invention, a
number of terms are defined below. Terms defined herein have
meanings as commonly understood by a person of ordinary
skill in the areas relevant to the present invention. Terms such
as “a”, “an” and “the” are not intended to refer to only a
singular entity, but include the general class of which a spe-
cific example may be used for illustration. The terminology
herein is used to describe specific embodiments of the inven-
tion, but their usage does not delimit the invention, except as
outlined in the claims. NIR-Near Infrared, LCTF-Liquid
Crystal Tunable Filter, QTH-Quartz Tungsten Halogen, FPA-
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Focal Plane Array, FWHM-Full Width and Half Maximum,
PCA-Principle Component Analysis, CCD-Charge Coupled
Device.

[0032] Disease of the gallbladder often requires its surgical
removal, a procedure called cholecystectomy. Cholecystec-
tomy is one of the most commonly performed operations in
the United States with more than 400,000 cases being per-
formed annually.? The preferred method is a minimally
invasive procedure known as closed laparoscopic cholecys-
tectomy, which requires two to three small incisions, approxi-
mately 10 mm in diameter, in the abdomen to allow the
insertion of surgical instruments and a small camera. The
camera provides the surgeon with images from inside the
body and reduces a 200 mm incision to 10 mm. Traditional
video imaging of tissues through an endoscope usually ren-
ders poor image contrast. Currently for identification of the
biliary tree during difficult procedures the only imaging
modality is an intra-operative cholangiography first devised
by Mirizzi in 1937.% It is a time consuming and surgically
expensive technique involving the dissection of the cystic
duct, incising it, threading a catheter, injecting radioactive
contrast material and obtaining radiographs during surgery.
[0033] Thereis a pressing need for a non-invasive imaging
method that can identify biliary tree structures during the
operation in a user friendly and expedient manner, thus mak-
ing surgery safer and reducing operating time. We sought to
meet this need by developing an endoscope-based hyperspec-
tral imaging system enabling a surgeon to visualize tissues
with enhanced contrast on a video monitor. In addition, the
real-time, in-vivo hyperspectral imaging methodology
enables the non-invasive interrogation of tissues for their
chemical composition.

[0034] The hyperspectral imaging method measures spec-
trally-resolved light intensity for each image pixel simulta-
neously. Multiple images are obtained at discrete, typically
sequential, narrow wavelength bands over a spectral range of
interest. The resulting data set is formatted as a three-dimen-
sional (3-D) data matrix, where spatial information is col-
lected in the x-y plane and wavelength data on the z plane.”
The measured light intensity in each wavelength band is
determined by the tissue optical properties, the illumination
geometry and the overall detection sensitivity of the system.
The optical properties of each tissue type are described by its
scattering and absorption coefficients, both of which are func-
tions of wavelength.’> The spectral dependence of optical
properties results in differences in the mean tissue depths
being visited by different wavelength photons, with near-
infrared photons penetrating the deepest.® Therefore, the
detected hyperspectral images are a convolution of the absor-
bance spectra of resident chromophores from within the tis-
sues. We have previously demonstrated that spectra mea-
sured, in-vivo, from within the skin over the visible
wavelength range can be deconvolved and gray scale encoded
for the percentage of oxyhemoglobin (HbO,) and deoxyhe-
moglobin (Hb).* 7> ® © Here, we extend our previous work
with the construction and characterization of a hyperspectral
imaging system capable of detecting photons in the near-
infrared (NIR) wavelength range. In addition to traveling
deeper in tissues, near-infrared light is known to sample sig-
nificant absorbance regions in the spectra Hb, HbO,, water
and lipid,'° inherent tissue chromophores, that can be used for
differentiating anatomical structures based on their chemical
composition. A proof of principle study demonstrating
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improved visualization of the biliary system during laparo-
scopic cholecystectomy in three 60 pound swine is presented.

[0035] Instrument Design and Construction. Recent devel-
opments in focal-plane-array detectors for spectroscopic
imaging along with the implementation of liquid crystal tun-
able filters have enabled constructing a novel device for lap-
aroscopic hyperspectral imaging in humans.!*"** The con-
struction of such a device and its operating characteristics are
disclosed.

[0036] FIG. 1 displays the configuration of the laparo-
scopic hyperspectral imager consisting of a source, a tunable
filter, a detector and a variety of optics. Broad band light from
a quartz-tungsten-halogen (QTH) light source is transferred
by a liquid light guide (LLG) 1 into the abdominal cavity via
laparoscope fiber optics 2. The diffuse reflectance is guided
by the center mounted laparoscope relay optics 3 back
through the LCTF 4 and a lens 5, which focuses the tissue
image onto the FPA detector 6.

[0037] In operation, broadband light can delivered into the
operative field via a conventional surgical laparoscope (Karl
Storz, Germany) connected to the source by a visible to near
infrared (NIR) liquid light guide (LLG)(Oriel, Stratford,
Conn.). The LLG’s large-diameter core (8 mm) allows for a
high light throughput ranging from visible through the near
infrared (NIR) spectrum (>80% transmittance 450-1600 nm)
while filtering ultraviolet radiation, and reducing the potential
for light-induced tissue damage. A radiometric power supply
(Oriel, Stratford, Conn.) provides a constant current to the
source maintaining a stable lamp output by minimizing light
ripple (<0.05% rms) and spectral noise. The light source, a
250-W quartz-tungsten-halogen (QTH) broadband source,
was mounted in a versatile protective enclosure (Oriel, Strat-
ford, Conn.) with a rear reflector maximizing light for tissue
illumination. A series condenser and fiber bundle focusing
assembly (Oriel, Stratford, Conn.) is used to efficiently focus
light radiating from the source onto the LLG.

[0038] The viewing optics of the laparoscope directs light
reflecting from tissue to the liquid crystal tunable filter
(LCTF, Cambridge Research & Instrumentation, Boston,
Mass.). The LCTF is an electronically controlled and con-
tinuously tunable filter with 150 ms tuning response time and
a clear 20 mm aperture for producing spectroscopic images
rapidly. A 50 mm, /1.4 lens (Nikon, Tokyo, Japan) focuses
each spectroscopic image onto a digital focal plane array,
FPA. The PIXIS 400 BR FPA (Princeton Instruments, Tren-
ton, N.J.) is a fully integrated system with permanent vacuum
and thermoelectric cooling down to -75° C. producing a
minimal dark current of 0.25 e7/p/s, using a high performance
back-illuminated charge-coupled device, CCD. The system
incorporates deep-depletion technology to improve quantum
efficiency and employs interference filters to eliminate etal-
oning at NIR wavelengths. The FPA is formatted into a 1340x
400 pixel matrix of 20x20 pm pixel detectors when coupled
with the LCTF is capable of registering 536,000 simulta-
neously acquired spectra. The FPA has a spectral response
ranging from UV to the NIR (200-1100 nm) with a 16 bit
analog-digital converter, ADC, digitizing at a maximum rate
of 2 MHz. LCTF tuning, image acquisition, and data storage
are managed by a computer program written in the laboratory
and compiled by V** (Princeton Instruments, Trenton, N.J.).
A high-end laptop computer (Dell Latitude D610; Austin,
Tex.) manages the instrument control, spectral image acqui-
sition and processing. Image visualization during surgery was
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performed using routines written in the laboratory using the
Matlab software environment (Ver. R2006b, Mathworks,
Natick, Mass.).

[0039] System Characterization: Tuning Accuracy of the
LCTF. The operating characteristics of the Laparoscopic
Hyperspectral Imaging System were evaluated for in-vivo
surgical utility. The spectral tuning accuracy for the LCTF
(serial number NIR50970a) was determined using a cali-
brated PerkinElmer Spectrometer (PerkinElmer, Wellesley,
Mass.). The LCTF was placed in the collimated optical path
ofthe spectrometer, tuned to a specific center wavelength and
the passband of transmitted light intensity was measured.
This procedure was repeated for a series of sequential wave-
lengths spanning the near-infrared range of the LCTF from
650 nm to 1050 nm at 50 nm increments. Wavelength accu-
racy is taken to be the actual center wavelength, CW to
be correct within the nominal, CW, ..

actuald

(Bandwidtiq,m / 48]
8

CWacruat = CWam 1 £ +05 nm)

[0040] On average this LCTF was found to tune 0.17 nm
above the expected wavelength, which is well within the
manufacturer’s specification of +1.38 nm. The expected
wavelengths sent electronically to the LCTF controller were
plotted against the experimentally measured center wave-
lengths transmitted by the LCTF, FIG. 2A. Linearly regress-
ing the experimentally measured center wavelengths, CW -
wat, against the expected, CW, the calibration

expected®
equation,
CWactual:CWexpected_O-zo nm )
[0041] havingan R®=0.99,and P,,,<0.05. Incorporating the

calibration equation into the V** computer program manag-
ing the data collection increased the accuracy of the LCTF
tuning to the desired center wavelength.

[0042] LCTF Bandwidth Characteristics. The near-infra-
red LCTF bandwidth characteristics were measured at the full
width at half-maximum (FWHM) determined as the spectral
separation between the two points where the filter’s transmis-
sion attains 50% of the peak value. The FWHM varies lin-
early as the function of wavelength ranges from 3.4 nm at 650
nmto 11.4 nm at 1090 nm, with an average of 6.95 nm across
the range (650-1100 nm) of the LCTF, FIG. 2B. This band-
width is more than sufficient for discriminating spectroscopic
differences between HbO,, Hb, water and lipids all of which
are greater than 30 nm.'°

[0043] Spatial Resolution. The spatial resolution character-
istics of the imaging system were determined by a contrast
transfer function analysis, a method expressing the ability of
an optical system to distinguish between evenly spaced rect-
angular bars of a resolution target.>**' The Percent Contrast,
C, was experimentally determined from the equation:

Imax — Inin 3
—)xmo ®)

Imax + Imin

-

where 1, 1s the maximum intensity reflected by a single

white bar of the resolution target and I, is the minimum

min
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intensity from the nonreflecting, dark bar area between the
white lines of the resolution target as described in previous
work.*78

[0044] Many factors contribute to the overall spatial reso-
lution of an optical system, including focal distance, f-stop,
depth of field, optical elements, detector pixel dimensions
and degree of pixel binning. A standard 1951 USAF resolu-
tion target was placed 5.1 cm from the front end of the 10 mm
diameter laparoscope mounted to the LCTF (tuned to pass a
center wavelength of 750 nm) coupled to the FPA by a 50-mm
F-mount lens whose aperture was opened to an f-stop of 1.4.
These parameters provide the highest sensitivity for condi-
tions used during surgery and resulted in imaging a 7.6 cm
diameter field of view. FIG. 2C the spatial resolving power of
the system is plotted against percent contrast for a variety of
FPA binning parameters. Binning of adjacent pixels on the
FPA prior to digitization was found to increase the speed of
data collection and detector sensitivity but reduces image
resolution. Imaging a calibrated 1951 USAF resolution target
containing line pairs spaced at known distances and spatial
resolution, x axis, for a determined percent contrast, C, of the
imaging system, y axis. The resolution limit is the minimum
distance between distinguishable objects in an image, for
example, a group of line pairs. Applying Rayleigh’s criterion,
the spatial resolution of the laparoscopic hyperspectral imag-
ing system is 0.24, 0.25, 0.26, and 0.27 mm when binning
1x1, 2x2, 3x3 and 4x4 respectively. Indicating the image
contrast produced by the system is sufficient for discriminat-
ing anatomical structures on the order of 0.24 mm.

[0045] Image Acquisition and Analysis. A study protocol
approved by the institutional animal care committee for
hyperspectral imaging of the biliary tree in three anesthetized
60-pound swine during laparoscopic procedures was fol-
lowed after administering general anesthesia. The abdomen
of the swine was insufflated with CO, and the laparoscope
placed through a 10 mm port. The gallbladder was initially
identified by the surgeon based on visual morphology
obtained from conventional laparoscope images. Subse-
quently, spectroscopic image data were acquired by the near-
infrared laparoscopic hyperspectral imaging system.

[0046] Spectral data analysis utilizes a Principle Compo-
nent Analysis, PCA, of the hyperspectral image data cube
highlighting relative distributions of different molecular
components. First the reflectance spectra from intra-operative
tissues are quantified for apparent absorbance, Axy(kl.),1 1,12,
22 defined as the logarithm of the ratio between reflected
sample radiation, R, ,(A,), and the reflected radiation from a
certified 99.9% reflectance standard, (SRT-99-120; Lab-
sphere, Sutton, N.H.),*> R, (},),, measured at center wave-
lengths A, for the spatial coordinates x and y:*

A () log 1o(R, (M) /Ry (M) 4

[0047] The PCA determines a set of mutually orthonormal
vectors spanning the data space describing the detected spec-
tra for each pixel position x,y.>* The magnitude of each of
these vectors was encoded as a gray-scale value at each pixel
position, forming a 2-dimensional image for each of the prin-
cipal component vectors. Empirically, the analysis indicated
up to 5 principle components contained spectral information
corresponding to know absorbance peaks, and therefore 5
principal component images were created from the hyper-
spectral image cube. The PCA is performed using the Matlab
software environment.
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[0048] A near-infrared laparoscopic hyperspectral imaging
method was developed and characterized for assessing the
anatomy and molecular content of tissues during laparo-
scopic surgery. Images were collected from three anesthe-
tized 60 pound pigs during closed cholecystectomy surgeries.
FIG. 3, a white-light picture was taken with a conventional
laparoscopic system inserted through a 10 mm port in an
anesthetized animal with the purpose of displaying general
morphological features and identifying the gallbladder and
liver. Subsequently, the near-infrared hyperspectral laparo-
scopic system was inserted into the same port and spectro-
scopic images collected. The hyperspectral image cube of the
raw data obtained from the intraoperative field of view was
analyzed by PCA into its principle component spectra, 5 in
this study, and their corresponding images.

[0049] Tissue locations within the field of view are visual-
ized by determining a number of principle component
images, each of which are gray scale encoded at each pixel by
scoring the relative contribution of an inherent principle com-
ponent to the measured spectrum. Different principal compo-
nent spectra provide images with different levels of contrast
between adjacent tissue structures. For example, the second
principle component spectrum, FIG. 4A, differentiates the
gallbladder and liver, FIG. 4B; however, the fifth principle
component spectrum, FIG. 4C, maximizes contrast and visu-
alizes the gallbladder standing in vivid contrast against the
liver, FIG. 4D.

[0050] In addition to aiding the surgeon by providing real-
time visual display of tissues with enhanced contrast, the
hyperspectral imaging technique also provides information
about the spatial distribution of tissue chemistry. During lap-
aroscopic cholecystectomy the surgeon can select a region of
interest in any principle component image (for example the
fifth component, FIG. 5A) and plot the averaged spectrum
measured from within that region of the gallbladder (FIG. 5B)
versus the spectrum from the surrounding liver, FIG. 5C. It is
important to note the original spectra measured at a specific
pixel location correspond to the same pixel location in the
principle component images. The principle component
images enhanced contrast to visualize differing tissue chem-
istry that is based on and can be confirmed by the measured
spectroscopy. Plotting the measured spectra from pixels indi-
cated as being different by the fifth principle component
image, FIG. 5, confirms the difference in identity between the
gall bladder versus the liver, based on molecular content
indicated by the spectra, without the need for any invasive
surgical dissection being performed.

[0051] Previously reported near-infrared reflectance spec-
tra from biological tissues in vivo show Hb having an absor-
bance peak at 760 nm, HbO, absorbing broadly beyond 800
nm, lipids peaking at 930 nm and water typically peaking at
970 nm."° The measured spectrum from the gallbladder, FIG.
5B, shows a peak around 760 nm and a broad band beyond
800 nm, indicating a mixture of Hb and HbO,. Furthermore,
the measured spectrum contains a peak at 930 nm with a peak
at 970 nm, indicative of a mixture of lipids and water. The
lipid-water mixture is most probably due to the presence of
bile contained in the gallbladder, while Hb and HbO, was a
result of the blood vessels lying over the surface of the gall-
bladder. In contrast, the measured spectrum from the region
ofinterest in the liver, FIG. 5C, indicates the presence of Hb
and HbO, with the lipid and water peaks, as expected, are
greatly suppressed given the high blood volume content of
liver.
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[0052] The reflectance spectra from a given tissue type
differed slightly from animal to animal due to variations in the
angle of illumination and reflected light collection, tissue
topography and optical properties. Nevertheless, the salient
spectral reflectance features for Hb, HbO,, lipids and water
identified in FIGS. 5B and 5C for the gallbladder and liver,
respectively, were similar in all three animals, FIG. 6.
[0053] This study illustrates the utility of near-infrared lap-
aroscopic hyperspectral imaging for achieving real-time con-
trast enhanced visualization of intra-operative tissues without
injecting radioactive contrast material. In the surgical setting
this technique provides increased contrast of the gallbladder
over the standard clinical fiber optic based measurements of
local tissue reflectance through a laparoscopic system.
Reflectance, point, spectroscopy techniques measuring local
average values of the absorption and scattering coefficients of
atissue volume have, in the past, been used for the character-
ization of tissue composition in a clinical setting by multiple
investigators.>> 25 A limitation of this approach being the
need to scan the tissue area over time to obtain spatial infor-
mation about the chemical composition of tissues. Spatial
scanning methods are time-consuming and result in low reso-
lution images. Integrating recent technological developments
in imaging spectrometers, specifically, near-infrared liquid
crystal tunable filters and focal plane arrays with surgical
laparoscopes overcomes this limitation. That is, by use of an
array of detectors one can simultaneously provide rapid
image-based spectroscopic assessment of tissue composition
from within the body during surgery.

[0054] Surgeons train to perform open procedures involv-
ing large incisions and identify tissues based on visual mor-
phology and the sense of touch. For example, an artery can be
identified by feeling a pulse. Laparoscopic surgery tools have
reduced incisions to as little as 10 mm, speeding up patient
recovery; however, surgeons have lost tactile feedback creat-
ing a need for new tools that will aid them identify intra-
operative structures during surgery. The goal of this project
was to develop a new imaging platform that will identify
anatomical structures based on morphology and spectroscopy
during minimally invasive surgical venues without injecting
radioactive contrast agents.

[0055] A new imaging system consisting of a near-infrared
FPA, an LCTF and a laparoscope was constructed and the
performance of the imaging system was characterized for
minimally invasive surgical venues. The LCTF is tunable
over the spectral range of 650 to 1100 nm while the FPA has
a spectral response between 200 to 1100 nm, a combination
giving a useful imaging system range from 650 to 1090 nm.
The wavelength dependent bandwidth of the device was mea-
sured as full width at half max and determined from the
transmission spectra to be 6.9 nm on average. A 16 bit digi-
tizer produces images with 65,536 shades of gray capable of
detecting 0.002% spectral peak amplitude changes. The opti-
mal spatial resolving power ranges between 0.24 to 0.27 mm
when binning by 1 and 4, respectively, as determined by the
percent contrast method. The FPA detector, with its format of
1340 by 400 detector pixels, is capable of registering 536,000
simultaneously acquired spectra over the sample field of
view. PCA methodology was applied to the acquired hyper-
spectral data yielding images of intraoperative tissues with
enhanced contrast, and providing information about molecu-
lar composition of the tissue.

[0056] These results demonstrate how to make and use the
apparatus of the present invention using anesthetized swine
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undergoing laparoscopic cholecystectomy demonstrated
consistent results in three pigs, as well as, the robust utility of
the method. The spectroscopic multichannel array detector
approach described provides rapid, repetitive visualization of
intraoperative tissue, and we expect this method to become a
useful tool in aiding surgeons visualize and identify diseased
tissues and structures, in vivo, during difficult laparoscopic
procedures such as cholecystectomy. The system can be used
in a surgical setting for imaging the human gallbladder during
cholecystectomy procedures. Use of this laparoscopic hyper-
spectral imaging apparatus and method provides the skilled
artisan with a new class of imaging technology for a variety of
minimally invasive surgical procedures.

EXAMPLE
Laparoscopic Cholecystectomy

[0057] Laparoscopic cholecystectomy is one of the most
commonly performed operations in the United States. The
most important complication of this operation is injury to the
common bile duct, CBD. Injury may occur because dissec-
tion in this area is necessarily performed blindly and the CBD
may be inadvertently cut. Thus there is a need for a simple
method for locating the bile duct system during surgery.
Given that there are 500,000 cholecystectomies performed
annually; 2,500 common bile duct injuries occur per year, a
trend that is increasing. These are serious injuries, resulting in
a substantial increase in morbidity and mortality. Patient
safety during cholecystectomy would be significantly
enhanced if there were imaging devices enabling surgeons to
easily see through tissues and visualize various structures
prior to, or during, dissection without the need of infusing
contrast agents and radiographs. A near infrared laparoscope
can be used to enable the operating surgeon to visualize
intraportal structures, specifically the common bile duct,
while performing the cholecystectomy without contrast
injection and radiographs.

[0058] Routine intraoperative ultrasonography has been
proposed for delineating biliary anatomy. However, the
images are not very clear and identifying the relevant
anatomy is challenging. Even in relatively small trials of
routine intraoperative ultrasonography, major bile duct inju-
ries occurred, demonstrating that the technique falls short as
an injury-prevention strategy. Despite being available for
many years, intraoperative ultrasound has not been adopted
by surgeons for identifying portal anatomy during cholecys-
tectomy. A recent analysis of the National Hospital Discharge
Survey (NHDS) and National Inpatient Survey (NIS) reveal
that intraoperative lacerations occurring during laparoscopic
cholecystectomy have changed little with time. The 5-year
average injury rate is 3.1 injuries per 10,000 cholecystecto-
mies. In contrast, as experience with open operations
declined, injury rates increased and for the past 5-years have
averaged 21.1 injuries per 1,000 open cholecystectomies.
Using the NIS, we estimated that an injury adds $5,203 to the
initial admission hospital costs. For all bile duct injuries
excess health care costs are in excess of $6.5-$13 million per
year in the U.S. for the initial hospitalization and far more for
the necessary follow-up care. When there is significant
inflammation, it is not safe to dissect the bile duct because it
cannot be readily visualized. Under these circumstances par-
tial cholecystectomies are performed. This operation is
increasing in frequency. When artial cholecystectomy is
done, part of the gallbladder is removed and drains are placed.
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Patients, frequently have multiple hospitalizations, outpatient
clinic visits and procedures. Using NHDS and NIS, we deter-
mined that the 1,400 partial cholecystectomies performed
annually in the U.S. result an extra $7,162 per index admis-
sion translating to $10,000,000 in potentially avoidable
health care costs. Operating rooms cost about $15/minute to
run. Surgeons spend a considerable amount of time dissecting
portal structures and trying to identify the biliary system.
Substantial health care savings could be achieved (but diffi-
cult to estimate) by the development of an imaging system
that reduces operating room times and obviates the need to
perform intraoperative cholangiograms (at $750 per case).
[0059] Development of a biliary imaging system will
improve patient safety, has the potential for avoiding the need
for partial cholecystectomy and could eliminate bile duct
injury as a complication of cholecystectomy. Although rela-
tively infrequent, when bile duct injuries occur they have
devastating consequences. No currently available technology
substantially reduces the incidence of these complications.
There is a pressing need to develop better technologies that
would enable surgeons to visualize bile ducts during surgery.
[0060] Currently, the only imaging methodology available
for intraoperative bile duct visualization is intraoperative
cholangiography, 10C, a technique that has changed little
over the past 60 to 70 years. The near infrared laparoscopic
hyperspectral imaging system of the present invention may be
used to visualize different anatomical structures during sur-
gery. The imaging system will be tested for its ability to
repeatedly visualize the biliary system in 40 human patients
undergoing gallbladder removal. Surgeons using the IR lap-
aroscopic hyperspectral imaging system has greater contrast
for identifying intraportal structures while performing chole-
cystectomy.

[0061] The IR (infrared) and NIR (near infrared) laparo-
scopic hyperspectral imaging tool allows surgeons to “see
through” the porta hepatis and visualize the common bile duct
during cholecystectomy. The laparoscopic hyperspectral
imaging tool can be used to: (1) Examine optical properties of
bile ducts, fatty tissues, blood vessels and liver using the IR
laparoscopic hyperspectral imaging system and create a data-
base of in vivo, intraoperative human tissue spectra. (2)
Evaluate the utility and repeatability of the IR laparoscopic
hyperspectral imaging system for visualizing the human bil-
iary system in routine open and laparoscopic surgery. (3)
Determine the specificity of the IR hyperspectral imaging
system for differentiating bile from fat. (4) Evaluate the fluo-
rescence utility of indocyanine green to increase the contrast
between bile ducts and surrounding fat.

[0062] The problem faced by surgeons performing gall-
bladder operations is that important structures are embedded
in fat and other tissues and are, consequently, hidden from
view. Surgeons rely on technical skills developed after many
years of training to dissect these otherwise hidden structures
without harming the critical ones. The only imaging aid cur-
rently available for intraoperative bile duct visualization is
intraoperative cholangiography. Current efforts to minimize
the risk of common bile duct injuries, CBDI, involve the use
of intraoperative cholangiography (I0OC) a technique devel-
oped more than 60 years ago. IOC requires identification and
cannulation of the cystic duct and obtaining a fluoroscopic
image of the biliary tree. Although this provides the surgeon
with a map of the biliary system, subsequent dissection
remains blind and only improved in that the surgeon has
knowledge of the approximate location of important anatomi-
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cal landmarks. Application of 10C to every procedure has
been shown to only modestly reduce the rate of bile duct
injury. Routine application of IOC is not cost effective from
the perspective of a risk reduction strategy to minimize the
risk of bile duct injury. Ultrasound techniques have not
proved effective for intraoperative bile duct imaging.

[0063] Hyperspectral imaging techniques can be used to
identify the biliary structures during gallbladder surgery. We
have demonstrated that blood, bile and fat all have unique
infrared (IR) spectra enabling us to visualize and identify
portal structures. We have developed an infrared imaging
system that enables us to see deeply into the porta to visualize
and identify the bile duct. This system is similar to conven-
tional video imaging and has been adapted to laparoscopic
surgery equipment. This system will enable surgeons to visu-
alize the biliary anatomy prior to initiating dissection and has
the potential for completely eliminating the risk for bile duct
injury and potentially reducing the incidence of partial chole-
cystectomy procedures performed because the bile ducts
could not be imaged when a cholecystectomy was attempted.
Because early identification of the biliary anatomy will
greatly speed the performance of these operations and inju-
ries will be minimized patient safety will be enhanced and
health care costs will be reduced.

[0064] The focus of this example is to use the innovative
infrared, IR hyperspectral imaging system, during surgery,
for differentiating the biliary tree from other anatomical
structures obviating the need for dissection of the cystic duct,
contrast injection and radiographs. This digital spectroscopic
imaging system will allow for identification of the portal
biliary tree using a novel focal plane array and liquid crystal
tunable filter technology attached to conventional laparo-
scopic surgical instrumentation.

[0065] The goal of this research plan is to enable the oper-
ating surgeon to visualize intraportal structures, specifically
the common bile duct, while performing the cholecystectomy
without contrast injection and radiographs. Currently,
excluding the use of contrast injection and radiographs no
technology exists for visualizing the bile duct. A newly devel-
oped infrared laparoscopic hyperspectral imaging system, (a
device existing in the laboratory of the PI) will be utilized for
visualizing different anatomical structures during surgery.
The varying amounts of chromophores inherently present in
vivo tissue and sensitive to near infrared radiation will be
detected using a new digital near infrared (NIR) focal plane
array (FPA) detector and liquid crystal tunable filter (LCTF)
coupled to conventional laparoscopic surgical technology for
exposing anatomical structures normally hidden from the
surgeon’s view. Conventional surgical laparoscopic technol-
ogy will be used as a means for bringing images of intraportal
structures during surgery to the attached hyperspectral imag-
ing system that will detect and collect a spectrum at each pixel
detector of the focal plane array. Illuminating tissue with near
infrared light reflects spectral characteristic of oxyhemoglo-
bin (HbO,), deoxyhemoglobin (Hb), lipids and water (H,O).
Applying chemometric methods results in images encoded
either inherent principle components or for varying quantities
of’known reference spectra. Since differing anatomical struc-
tures inherently contain varying amounts of molecules know
to exhibit spectral absorption peaks when illuminated with
near infrared light, applying chemometric methods can pro-
duce an image visualizing the location of these molecules and
their associated anatomical structures.
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[0066] The goal of the prospective research is to evaluate
the innovative medical imaging technology, IR laparoscopic
hyperspectral imaging, intra-operatively during cholecystec-
tomy. It is hypothesized that the IR laparoscopic hyperspec-
tral imaging system will enable surgeons to “see through” the
porta hepatis and visualize the common bile duct during
cholecystectomy without infusing contrast agents or radio-
graphs. The imaging system will be tested for its ability to
repeatedly visualize the biliary system in 40 patients under-
going gallbladder removal. It is expected that surgeons using
the IR laparoscopic hyperspectral imaging system will find
this to be a useful tool for identifying intraportal structures
while performing the cholecystectomy.

[0067] Study Population. The study population will consist
of both animal and human patients. The animal population
will consist of 6 60-80 pound swine. Patients will be selected
from the Veterans Affairs Hospital, Dallas where cholecys-
tectomies are performed in excess of 1800 annually on a
mostly indigent population. Hispanic comprises 40% of
patients, African-Americans 40% and Caucasians 20%. For
those undergoing cholecystectomy, 75% are female. Children
are cared for at separate children’s facility and are not antici-
pated to enroll into this study. There will be no other exclu-
sions in terms of patients enrolled.

[0068] Study Protocol. As indicated by the study specific
aims and FIG. 9 the protocol will perform both animal and
human studies with the majority of emphasis being placed on
human studies. Initially 6 swine will be imaged, approxi-
mately one per week followed by an evaluation period and
preparation for human studies. Any patient undergoing a gall-
bladder removal surgery at the Veterans Affairs Hospital,
Dallas will be eligible to participate in the study. To evaluate
the surgical robustness of this new class of imaging technol-
ogy the study plans on imaging, intraoperatively, a total of 40
patients during surgery. The initial study period will image 20
patients over a 10 week period, followed by a second 10 week
period imaging the remaining 20 patients. These two human
imaging periods may be separated by a mid-study evaluation
consisting of data analysis and a review of the data collection
techniques. The final month will consist of final evaluation
and submitting the results to conferences and high impacting
clinical journals.

[0069] Procedures for the Human Study. The ultimate goal
of'this study is to enable the surgeon to “see through” the porta
hepatic and visualize the common bile duct during cholecys-
tectomy. A new imaging platform, laparoscopic hyperspec-
tral imaging, will be translated to surgery in the VA Hospital
at Dallas where human patients will be imaged intra-opera-
tively using the IR laparoscopic hyperspectral imaging sys-
tem. The spectroscopic image data collected by the hyper-
spectral system from live anesthetized human patients will be
used for examining optical properties of human intraportal
structures. Specifically, bile ducts, fatty tissues, blood ves-
sels, gallbladder, stomach and liver tissue. The resulting data-
base of in vivo tissue spectra will be applied toward identify-
ing the biliary system within the porta based on the spectra
collected during surgery. To evaluate the utility of the IR
laparoscopic hyperspectral imaging system for visualizing
the human biliary system during routine open and laparo-
scopic surgery. A principle component analysis, PCA, will be
applied to the hyperspectral image data to determine the
contribution of inherent principle component spectra for the
measured spectrum at each pixel that is scaled to produce a
gray scale image. The PCA image is expected to have greater
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contrast than a standard digital picture for identifying surgical
landmarks such as the stomach, gallbladder and liver with the
ability to visualize the bile ducts within the porta. Spectra and
principle component images from all 40 patients will be
evaluated for consistency to determine the repeatability of the
measure.

[0070] Any patient undergoing a gallbladder removal sur-
gery at the VA Hospital at Dallas will be eligible to participate
in the study. Standard routine surgical procedures for chole-
cystectomy will be followed with the addition of collecting
digital laparoscopic photos and IR hyperspectral imagery
with the purpose of visualizing the biliary tree during the
surgical procedure. Images will be collected from a total of 40
human patients. Initially 20 patients undergoing open chole-
cystectomy will be studied. An incision on the abdomen is
made by the surgeon, open laparoscopy. The liver will be
retracted and intraportal structures such as the liver, gallblad-
der, cystic duct, common bile duct and common hepatic duct
along with any other tissue such as fat and blood vessels will
be visually identified by the surgeon. Pictures of the identified
structures will be pictured using a standard digital camera,
Cannon Power Shot S31S. Subsequently the IR laparoscopic
hyperspectral imager will be positioned and hyperspectral
image data collected. A similar procedure will be used in the
final 20 patients except that the abdomen will not be opened,
instead, the procedure will be done laparoscopically. Digital
pictures will be provide by the standard surgical laparoscope,
a Karl Storz system, that is being used for the procedure and
the hyperspectral images will be provide by the IR hyperspec-
tral imaging system with a laparoscope attached for imaging
the porta from within the body. It is expected that the images
collected by the IR laparoscopic hyperspectral imaging sys-
tem will clearly visualize the biliary tree, which can not be
seen when compared to a standard digital picture. The con-
trast (as determined in previous work,?”) for the bile ducts
produced by the standard laparoscoic system versus those of
the hyperspectral imager will be compared.

[0071] To further elucidate the specificity of the IR hyper-
spectral imaging system to differentiate bile from fat, samples
of' human bile and fat will be collected from each patient and
examined in the laboratory. Firstly, samples of bile will be
loaded into a capillary tube and immersed into an intralipid
solution, mimicking the optical properties of fat, and imaged
with the hyperspectral imaging system to determine the maxi-
mum penetration depth of the system. The capillary will be
imaged at the intralipid surface (zero depth) and then lowered
and imaged below the intralipid solution surface at 0.1 mm
increments until the bile spectral peaks are twenty percent of
those measured at the surface, defining the penetration depth
of the hyperspectral system.

[0072] Secondly, samples of bile and fat will be loaded into
separate cuvettes that are placed into a spectrophotometer for
determining the absorbance and scattering coefficients as a
function of wavelength as described previously by Zonios.>*
34 The coefficients are then used as input parameters for a
Monte Carlo algorithm which will simulate the bile-fat tissue
and light illumination geometries of the physical experi-
ments. These simulations will be used to validate the experi-
mentally measured sensitivity and specificity of the hyper-
spectral imaging system for differentiating bile from fat
intraoperatively. Dr. Hanli Liu has offered us time for using
the near infrared spectrophotometer for determining absor-
bance and scattering coefficients. The intralipid solution and
equipment for lowering the capillary tube of bile at various
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depths below the intralipid surface will also be provided by
Dr. Hanli Liu. Monte Carlo simulations to model tissue and
illumination geometry will be performed by Dr. George Alex-
andrakis.

[0073] Procedures for the Swine Study. When the biliary
structures are inflamed, edematous tissue may obscure the
specificity of the hyperspectral imager to visualize the bile
ducts. For these difficult cases we propose infusing indocya-
nine green (ICG) into the hepatic artery. ICG is a fluoro-
chrome that emits light, fluoresces, with a bandpass of 780-
820 nm when excited by a bandpass of 716-756 nm.>* After
intravenous injection ICG is rapidly taken up by the liver and
then excreted unchanged into the bile. Augmenting the hyper-
spectral imager by adding a short pass optical filter into the
beam path at the source and illuminating only with wave-
lengths of light below 756 nm will excite ICG in the bile ducts
and decrease cross-talk between excitation and emission
channels. Collecting a series of images between 780 to 820
nm with the hyperspectral imaging system, we hypothesize
images collected after ICG infusion will fluoresce within the
bile ducts visualizing their location.

[0074] Three swine will be used in open procedures and
three swine will be used in laparoscopic operations. The
swine will be anesthetized and securely positioned on a stan-
dard surgical table in which the abdomen is exposed. In the
first three swine an incision on the abdomen is made by the
surgeon, open laparoscopy. The liver will be retracted and the
porta will be imaged with the IR laparoscopic hyperspectral
imaging system. Secondly, a short pass filter is added into the
beam path of the source thus augmenting the IR laparoscopic
hyperspectral imager. A bolus of ICG is injected intrave-
nously (as is currently practiced for assessing cardiac output
and liver function®® and the augmented hyperspectral imag-
ing system will start monitoring the porta for fluorescence
indicating the location of the bile ducts. A similar procedure
will be used in the final three swine except that the abdomen
will not be opened, instead, the procedure will be done lap-
aroscopically. It is expected that the images collected by the
augmented IR laparoscopic hyperspectral imaging system
and ICG will have an increased contrast for the bile ducts
when compared to the standard IR laparoscopic hyperspectral
imaging system.

[0075] The innovative IR laparoscopic hyperspectral imag-
ing tool is a simpler method enable surgeons to “see through”
the porta hepatis and visualize the common bile duct during
cholecystectomy obviating the need for radiographs. Quanti-
tative measures from hyperspectral image data will be deter-
mined using chemometric methods, specifically, principle
component analysis (PCA) and a multivariate least-squares
deconvolution of the hyperspectral data cube; sampling
detector pixels to define rectangular area, as described in
greater detail in previous publications,?*~% within the region
of interest in this case the biliary tree and surrounding
intraportal structures. The data will be analyzed using desk-
top computers running Matlab and Microsoft Excel. The
logistics and budgeted clinical staff for this study limit the
maximum number of subjects to 40; however, based on data
accumulated from previously published hyperspectral imag-
ing studies,>*>”"” that reveal measurements made by aver-
aging 1000-odd pixel values have very low variability. A
power calculation for within subject comparisons indicates
40 subjects are sufficient for detecting very small changes in
mean values. A student-t test will be utilized to determine
those parameters that are significantly altered between biliary
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tree and other intraportal structures such as the liver, gallblad-
der, and other tissue for example blood vessels and fat. Cross-
correlations will be studied to determine complementary, par-
allel, or reciprocal relationship, especially a structural,
functional, or qualitative correspondence between regular
digital pictures and the hyperspectral images. ANOVA
(Analysis of Variance) will be applied to conduct compari-
sons as an indication of the reliability of the measure over
time. A general linear mixed model for repeated measures
will be used to evaluate hyperspectral imaging data collected
over time for each patient. This method is particularly useful
in assessing within-subject change collected by hyperspectral
imaging while accounting for factors and treatment effects
varying across multiple subjects.*® All comparisons will be
performed with Type 1 error set to a probability of 0.05.
Collected digital data and images will be coded and stored on
ahard drive of a secure server located in the laboratory of the
PI for subsequent analysis. The server performs data backups
automatically and is routinely checked.

[0076] Infrared Laparoscopic Hyperspectral Imaging of
Bile Ducts. Hyperspectral images were collected with the
infrared hyperspectral imaging system (FIG. 1) of the gall-
bladder, cystic duct and liver in six 60-80 pound swine and 1
human. Tissue locations within the field of view are visual-
ized by determining a number of principle component
images, each of which are gray scale encoded at each pixel by
scoring the relative contribution of an inherent principle com-
ponent to the measured spectrum. In addition to aiding the
surgeon by providing real-time visual display of tissues with
enhanced contrast, the hyperspectral imaging technique also
provides information about the spatial distribution of tissue
chemistry. During laparoscopic cholecystectomy the surgeon
can select a region of interest in any principle component
image and plot the averaged spectrum measured from within
that region, for example, the gallbladder versus the spectrum
from the surrounding liver. It is important to note the original
spectra measured at a specific pixel location correspond to the
same pixel location in the principle component images. The
principle component images enhanced contrast to visualize
differing tissue chemistry that is based on and can be con-
firmed by the measured spectroscopy.

[0077] FIG. 7. A PCA image visualizing the Gallbladder,
liver, and cystic duct and their associated spectra. The liver
was retracted, spectroscopic image data was collected and
analyzed using principle component analysis (PCA) indicat-
ing the presence of a variety of differing spectra. Referring to
known spectra for oxyhemoglobin, water and lipids, the
intraportal structures can be identified based on measured
spectral peaks indicating a molecular presence within the
tissue that is not pictured using a standard camera. The gall-
bladder in this image contains bright pixels representing a
spectrum containing a strong absorption peaks for water at
970 nm, and smaller absorptions for deoxyhemoglobin at 760
nm and the broad oxyhemoglobin beyond 800 nm. The gray
cystic duct contains a convoluted spectrum containing oxy-,
deoxyhemoglobin, water, and a lipid shoulder at 930 nm.
Oxy- and deoxyhemoglobin is mostly absorbed by blood in
the microvasculature on the surface of the structure, while the
strong water and lipid absorbance is most likely due to the bile
containing these two molecules within the collecting duct.
The darker imaged liver contains spectra containing charac-
teristic peaks for oxy- and deoxyhemoglobin. Since this
swine had been euthanized 5 to 10 minutes prior to the imag-
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ing the images were expected to contain a significant amount
of deoxyhemoglobin as indicated by the spectrum.

[0078] FIG. 8. Fat and its associated spectrum lying along
the stomach within a PCA image. Imaging from a different
perspective the gallbladder, liver and fatty tissue around the
stomach is visualized. The fat is mapped within the PCA
image as darker pixels that are associated with spectra absorb-
ing strongly at the characteristic

[0079] FIG. 9. A PCA image from data collected with the
infrared hyperspectral imager is compared to a conventional
black and white photo ofthe gallbladder taken with a standard
surgical Karl Storz laparoscopic system. Both images were
collected from the same live anesthetized pig while perform-
ing aclosed cholecystectomy. The PCA image provides better
contrast for the gallbladder (without infusing any contrast
agent) and the associated hyperspectral data provides spectra
indicating the presence of molecular components contained
in bile from pixels imaging the gallbladder. Spectra from
PCA pixels viewing the gallbladder contained absorbance
peaks for oxy-, deoxyhemoglobin and water while liver spec-
tra contained oxy- and deoxyhemoglobin absorbance peaks
with water being significantly suppressed.

[0080] FIG. 10, the PCA image visualizing portal struc-
tures prior to dissection, left image, and a standard black and
white photo, of the same porta, taken with a standard surgical
laparoscopic system, right image, during a laparoscopic pro-
cedure in live anesthetized pigs. The artery, vein and common
bile duct were identified through connective tissue by mea-
suring near-infrared spectra. An artery indicated by spectra
with a very pronounced broad oxyhemoglobin peak around
800 nm and a water peak at 970 nm. A venous structure
produces spectra with a deoxyhemoglobin shoulder at 760
nm and a broad oxyhemoglobin peak around 800 nm and a
water peak at 970 nm. The common bile duct is identified by
spectra containing a lipid shoulder at 930 nm and a prominent
water peak at 970 nm. The standard black and white photo
imaging the same porta shows the connective tissue; however,
individual structures are obscured from view. After imaging
was complete the connecting tissue was surgically dissected
which confirmed the location of an artery on the far left side,
a venous structure in the middle and the common bile duct
entangled to the right side.

[0081] The PCA image in FIG. 11 visualizes the first
human bile duct through an undissected porta, and without
using a contrast agent. In addition other land marks such as
the gallbladder and an artery are identified. The PCA image is
found to have greater contrast for visualizing the bile duct
than a standard black and white picture. Similar to the animal
studies the spectra measured from the human mapped the
location of the artery, biliary tree and gallbladder. As seen in
FIG. 11, the arterial spectrum shows the characteristic oxy-
hemoglobin absorption between 800 to 900 nm and water
peak at 970 nm. Absence of deoxy-hemoglobin peak at 760
nm is an indication that the artery has little or no deoxyhe-
moglobin component. The measured spectrum from the bil-
iary tree shows a spectral shoulder around 930 nm indicating
the presence of lipids and a water peak at 970 nm. The lipid
mixture is most likely due the presence of bile in the biliary
structures. The measured spectrum from the gallbladder,
shows a peak around 760 nm and a broad band beyond 800
nm, indicating a mixture of Hb and HbO,; most likely due to
surface blood vessels. Furthermore, the measured spectrum
contains a peak at 970 nm, indicative of water.
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[0082] Examining the principle component spectra
sampled from fat and the gallbladder, FIG. 12A, shows the
gallbladder having a predominant water peak, 970 nm, and
little to no absorption due to fat, 930 nm. Comparing a spec-
trum from the biliary tree, FIG. 12B, shows a characteristic
peak for water at 970 nm that has been broadened to 930 nm
most likely due to a presence of lipids. In contrast, fat has
weak water absorption while having a significant lipid peak at
930 nm. This massive 50 nm spectral difference between
water and fat gives the hyperspectral imaging system the
specificity of imaging bile ducts within fatty tissue; bile con-
tains a significant water peak versus fat.

[0083] We demonstrate using the IR hyperspectral imaging
system with commercially available laparoscopic surgery
instruments. We found that biliary structures have unique IR
spectra that can be used for their identification. There are
indications that bile and fat can be spectrally differentiated.
To further elucidate the specificity of the system to differen-
tiate these components further study of light-tissue interac-
tions are planned. In cases where the fatty tissue scatters the
IR radiation making it difficult to measure spectra and hence
identifying the underlying structures, we will examine the
feasibility of a contrast approach—i.e. an intravenous injec-
tion of a substance, indocyanine green that collects in bile and
can be imaged by our IR hyperspectral system. In the course
of obtaining these preliminary images the system requires
several seconds to acquire the spectroscopic image data;
movement artifact can occur in this time. Thus, during sur-
gery, the porta may require stabilization and we are develop-
ing sub-registration software for detecting and correcting
pixel drifts. The preliminary data was collected from swine
and 1 human patient. Future studies are needed for imaging
the cystic and hepatic ducts to test reliability of the measure.
[0084] Itis contemplated that any embodiment discussed in
this specification can be implemented with respect to any
method, kit, reagent, or composition of the invention, and
vice versa. Furthermore, compositions of the invention can be
used to achieve methods of the invention.

[0085] It will be understood that particular embodiments
described herein are shown by way of illustration and not as
limitations of the invention. The principal features of this
invention can be employed in various embodiments without
departing from the scope of the invention. Those skilled in the
art will recognize, or be able to ascertain using no more than
routine experimentation, numerous equivalents to the specific
procedures described herein. Such equivalents are considered
to be within the scope of this invention and are covered by the
claims.

[0086] All publications and patent applications mentioned
in the specification are indicative of the level of skill of those
skilled in the art to which this invention pertains. All publi-
cations and patent applications are herein incorporated by
reference to the same extent as if each individual publication
or patent application was specifically and individually indi-
cated to be incorporated by reference.

[0087] The use of the word “a” or “an” when used in con-
junction with the term “comprising” in the claims and/or the
specification may mean “one,” but it is also consistent with
the meaning of “one or more,” “at least one,” and “one or more
than one.” The use of the term “or” in the claims is used to
mean “and/or” unless explicitly indicated to refer to alterna-
tives only or the alternatives are mutually exclusive, although
the disclosure supports a definition that refers to only alter-
natives and “and/or”” Throughout this application, the term
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“about” is used to indicate that a value includes the inherent
variation of error for the device, the method being employed
to determine the value, or the variation that exists among the
study subjects.

[0088] Asusedin this specification and claim(s), the words
“comprising” (and any form of comprising, such as “com-
prise” and “comprises”), “having” (and any form of having,
such as “have” and “has”), “including” (and any form of
including, such as “includes” and “include”) or “containing”
(and any form of containing, such as “contains” and “con-
tain”) are inclusive or open-ended and do not exclude addi-
tional, unrecited elements or method steps.

[0089] The term “or combinations thereof” as used herein
refers to all permutations and combinations of the listed items
preceding the term. For example, “A, B, C, or combinations
thereof” is intended to include at least one of: A, B, C, AB,
AC, BC, or ABC, and if order is important in a particular
context, also BA, CA, CB, CBA, BCA, ACB, BAC, or CAB.
Continuing with this example, expressly included are combi-
nations that contain repeats of one or more item or term, such
as BB, AAA, MB, BBC, AAABCCCC, CBBAAA,
CABABB, and so forth. The skilled artisan will understand
that typically there is no limit on the number of items or terms
in any combination, unless otherwise apparent from the con-
text.

[0090] All of the compositions and/or methods disclosed
and claimed herein can be made and executed without undue
experimentation in light of the present disclosure. While the
compositions and methods of this invention have been
described in terms of preferred embodiments, it will be appar-
ent to those of skill in the art that variations may be applied to
the compositions and/or methods and in the steps or in the
sequence of steps of the method described herein without
departing from the concept, spirit and scope of the invention.
All such similar substitutes and modifications apparent to
those skilled in the art are deemed to be within the spirit,
scope and concept of the invention as defined by the appended
claims.
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What is claimed is:

1. A hyperspectral surgical laparoscope comprising:

an illuminated laparoscope;

a liquid crystal tunable filter generally center-mounted on
the laparoscope and positioned to collect back-reflected
light from a target;

arelay lens generally center-mounted on the laparoscope to
focus light from the liquid crystal tunable filter; and

a focal plane array generally center-mounted on the lap-
aroscope, wherein light that is reflected from the target is
imaged on the focal plane array and captured as a digital
data cube.

2. The laparoscope of claim 1, wherein the illuminated
laparoscope delivers continuously tunable light in the near-
infrared spectral range of 650-1100 nm.

3. The laparoscope of claim 1, wherein light at the focal
plane array has a mean bandwidth of 695 nm.

4. The laparoscope of claim 1, wherein the focal plane
array is a high-sensitivity, back-illuminated, deep depleted
charged coupled device.

5. The laparoscope of claim 1, wherein the digital data cube
is formatted into a three dimensional hyperspectral image
cube and processed using principle component analysis.

6. The laparoscope of claim 1, wherein the digital data cube
is processed to enhance the contrast between chemically dif-



US 2008/0306337 Al

ferent anatomical structures due to chromophores inherent to
the target, chromophores that have been added to the target or
both.

7. The laparoscope of claim 1, wherein the target comprises
an intraperitoneal tissue, a gall bladder or a bile duct.

8. The laparoscope of claim 1, wherein the laparoscope is
connected to a light source comprising a visible to near infra-
red liquid light guide.

9. The laparoscope of claim 1, wherein the laparoscope is
connected to a light source comprising a 250-W quartz-tung-
sten-halogen broadband source.

10. The laparoscope of claim 1, further comprising an
ultraviolet radiation filter positioned between a light source
and the target.

11. The laparoscope of claim 1, wherein the liquid crystal
tunable filter comprises an electronically controlled and con-
tinuously tunable filter with 150 ms tuning response time and
a clear 20 mm aperture.

12. A near-infrared hyperspectral surgical laparoscope
comprising:

an near-infrared illuminated laparoscope;

a liquid crystal tunable filter generally center-mounted on
the laparoscope and positioned to collect back-reflected
light from a target;

arelay lens generally center-mounted on the laparoscope to
focus light from the liquid crystal tunable filter; and

a focal plane array comprising a high-sensitivity, back-
illuminated, deep depleted charged coupled device gen-
erally center-mounted on the laparoscope, wherein light
that is reflected from the target is imaged on the focal
plane array and captured as a digital data cube.

13. The laparoscope of claim 12, wherein the laparoscope
delivers continuously tunable light in the near-infrared spec-
tral range of 650-1100 nm.

14. The laparoscope of claim 12, wherein light at the focal
plane array has a mean bandwidth of 695 nm.

15. The laparoscope of claim 12, wherein the digital data
cube is formatted into a three dimensional hyperspectral
image cube and processed using principle component analy-
sis.

16. The laparoscope of claim 12, wherein the digital data
cube is processed to enhance the contrast between chemically
different anatomical structures due to chromophores inherent
to the target or chromophores that have been added to the
target.

17. An imaging method to identify a biliary tree structure
comprising:

imaging the biliary tree structure with a laparoscope com-
prising:

a liquid crystal tunable filter (LCTF) positioned to collect
back-reflected light from a target;

a relay lens center-mounted on the laparoscope to focus
light from the liquid crystal tunable filter; and

a focal plane array (FPA), wherein light that is reflected
from the target is imaged on the focal plane array and
captured as a digital data cube; and

processing the digital data cube to enhance the contrast
between chemically different anatomical structures due
to chromophores at the target.
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18. The method of claim 17, wherein the illuminated lap-
aroscope delivers continuously tunable light in the near-in-
frared spectral range of 650-1100 nm.

19. The method of claim 17, wherein light at the focal plane
array has a mean bandwidth of 6.95 nm.

20. The method of claim 17, wherein the focal plane array
is a high-sensitivity, back-illuminated, deep depleted charged
coupled device.

21. The method of claim 17, wherein the digital data cube
comprises a three dimensional hyperspectral image cube.

22. The method of claim 17, wherein the digital data cube
is formatted into a three dimensional hyperspectral image
cube and processed using principle component analysis.

23. The method of claim 17, wherein the digital data cube
is processed to enhance the contrast between chemically dif-
ferent anatomical structures due to chromophores inherent to
the target.

24. The method of claim 17, wherein the digital data cube
is processed to enhance the contrast between chemically dif-
ferent anatomical structures due to chromophores that have
been added to the target.

25. The method of claim 17, wherein the target comprises
an intraperitoneal tissue, a gall bladder or a bile duct.

26. The method of claim 17, wherein the laparoscope is
connected to a light source comprising a visible to near infra-
red liquid light guide.

27. The method of claim 17, wherein the laparoscope is
connected to a light source comprising a 250-W quartz-tung-
sten-halogen broadband source.

28. The method of claim 17, further comprising an ultra-
violet radiation filter positioned between the light source and
the target.

29. The method of claim 17, wherein the liquid crystal
tunable filter comprises an electronically controlled and con-
tinuously tunable filter with 150 ms tuning response time and
a clear 20 mm aperture.

30. The method of claim 17, wherein the laparoscopy is
open.

31. A system for laparoscopic cholecystectomy compris-
ing:

imaging laparoscopic surgery imaging the intraportal

structure with a near infrared laparoscope that com-

prises:

a liquid crystal tunable filter (LCTF) positioned to col-
lect back-reflected light from a target;

a relay lens center-mounted on the laparoscope to focus
light from the liquid crystal tunable filter; and

a focal plane array (FPA), wherein light that is reflected
from the target is imaged on the focal plane array and
captured as a digital data cube;

processing the digital data cube to enhance the contrast

between chemically different anatomical structures due
to chromophores at the target; and

removing those tissue that are identified in need of

removal.

32. The method of claim 31, wherein the laparoscopy is
open.
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