Spectroscopic diagnosis and imaging of invisible pre-cancer
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The theme of this paper is the use of optical spectroscopy to diagnose invisible pre-cancer
in patients undergoing endoscopy and similar medical procedures. We describe three
techniques that provide diagnostic information and two instruments to implement them,
the FastEEM for studying small regions of tissue and the LSS (light scattering
spectroscopy) imaging system for wide-area surveillance. The FastEEM is an optical fiber
clinical device that collects spectra of reflected light and fluorescence at multiple excitation
wavelengths from the tissue, all in a fraction of a second. Quantitative information is
obtained in real time, without removing the tissue and without the need for staining and
fixation. Three types of spectral information are extracted—intrinsic fluorescence, diffuse
reflectance and elastic light scattering. Each of the three analyses is based on a biophysical
model, and each provides complementary quantitative physical and chemical information
about cellular/tissue structures. This information is used to make a combined spectral
diagnosis, a method we call tri-modal spectroscopy (TMS). Promising clinical studies are
being carried out on patients undergoing routine pre-cancer surveillance in the oral cavity,
the uterine cervix and the gastrointestinal tract. The LSS imaging system provides wide-
area spectroscopic images of the epithelium, typically 2 cm in each dimension, depicting the
size distribution and chromatin content of the cell nuclei, which are key parameters in
diagnosing pre-cancer. This instrument is in preclinical stages of development, although
a laboratory prototype has been used to create diagnostic images in resected colon polyp
samples. The combination of the TMS/FastEEM and LSS imaging instrument will
constitute a powerful new diagnostic tool, with LSS imaging to provide wide area
surveillance and the TMS probe to provide detailed information on suspect tissue sites.
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I. Introduction

It is well established that cancer can be most effectively treated when diagnosed at an early stage.
Therefore, development, evaluation and validation of new tools for early detection of cancer and
pre-cancer is an important priority. Most cancers (85-90%) originate in the cell-rich epithelial
tissues that line the internal and external surfaces of the body. Over the past few years, our
laboratory has been developing novel spectroscopic and imaging tools to diagnose and monitor the
progression of pre-cancerous and early cancerous epithelial lesions (the pre-cancerous state is
broadly known as dysplasia or in-situ epithelial neoplasia.) This new technology is based on fun-
damental physical principles, and has been successfully employed in a number of organs in patients
undergoing routine diagnostic procedures. In this paper, we address three of these techniques: light
scattering spectroscopy (LSS), for studying the size distribution and chromatin content of epithelial
cell nuclei; intrinsic fluorescence spectroscopy (IFS), for monitoring of changes in tissue metabo-
lism and biochemistry; and diffuse reflectance spectroscopy (DRS), for characterizing tissue scat-
tering and oxygenation. All of these provide quantitative information about the state of the tissue,
without the need for tissue removal.

Two instruments have been developed to implement these new techniques, the FastEEM for
studying small regions of tissue and the LSS imaging system for wide-area surveillance. The
FastEEM' samples a 1 mm?® tissue volume via an optical fiber probe, collecting fluorescence
excitation—emission matrices (EEMs) and white light reflectance in a fraction of a second (hence,
FastEEM). (An EEM displays fluorescence emission spectra as a function of excitation wavelength,
a 3-D representation that fully characterizes the fluorescence properties of a tissue sample.) Using
these data, the techniques of IFS, DRS and LSS can be implemented to provide the three kinds of
biological information mentioned above, which are then combined to obtain a clinical diagnosis, a
method called tri-modal spectroscopy (TMS). Using the FastEEM, we have successfully employed
TMS to study dysplasia in a number of organs, including dysplasia in Barrett’s esophagus and
cervical neoplasia at Boston’s Brigham and Women’s Hospital (BWH),>* and oral dysplasia at
Boston University Medical Center (BUMC).*

The second instrument, the LSS imaging system, is in an earlier stage of development. In this
device, polarized light at a succession of wavelengths illuminates an epithelial surface, and the
polarized back-scattered light is used to construct spectroscopic images of the epithelium, typically
2 cm in each dimension, depicting the size distribution and chromatin content of the cell nuclei over
a wide area. Increased nuclear size, density (crowding), standard deviation (pleomorphism) and
chromatin content (hyperchromasia) are key features used by pathologists to make a diagnosis of
dysplasia. Wide area imaging is important because it provides an overview of the entire surface
of an organ, highlighting suspicious areas for more detailed study. Dysplasia is often invisible
or difficult to detect under gross clinical examination and, at present, final diagnosis of suspicious
sites requires tissue removal, fixation, staining and microscopic examination by a trained pathol-
ogist, which is time consuming, labor intensive and qualitative. Current wide area surveillance is
either based on random biopsy or tissue sampling based on qualitative changes in color, both of
which are greatly prone to sampling error. The LSS imaging device is therefore of significant
potential diagnostic utility. We have developed a laboratory prototype LSS imaging system, and
demonstrated its ability to create diagnostic images of dysplasia in resected colon adenoma sam-
ples® and are now constructing a prototype system for clinical use. We have chosen the oral cavity
and uterine cervix as model systems, because they share many histopathological features and can be
directly viewed without the complexities of an endoscope, a considerable simplification in this stage
of developing the technology.

This paper discusses the scientific basis of our spectral diagnosis techniques, the instrumentation
used to collect data, our preliminary clinical results, and our plans to develop a integrated
instrument. The combination of the TMS/FastEEM contact probe and LSS imaging in an inte-
grated instrument will constitute a powerful new tool for diagnosing dysplasia, with LSS imaging
to provide wide area surveillance and the TMS probe to provide detailed information on suspect
tissue sites. This instrument will provide objective, quantitative diagnostic information in real time,
without the need for tissue removal. In addition, the spectroscopic imaging data obtained may be
stored electronically and downloaded at a later time to be compared with more recent data
obtained during follow-up visits to the clinic by the patient. Diagnostic spectroscopic images may
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thus be used prospectively to follow patients during and post-therapy to detect very early
recurrence of neoplastic lesions.

II. Optical spectroscopy as a diagnostic tool

Optical spectroscopy is a potentially important tool for tissue diagnosis. Spectroscopic measure-
ments can be implemented in vivo, thus providing information about tissue in its native state, free
of artifacts introduced by tissue excision and processing. Different spectroscopic techniques can
be used to provide a variety of information about tissue morphology and biochemistry. The capa-
bility to obtain in vivo information about specific biochemical /morphological changes that take
place during the development or regression of neoplasia can provide a rich source of diagnostic
information, and can further the understanding of the biological processes involved, as well.

Light propagating in biological tissue can undergo a variety of interactions. Elastic scattering
(i.e., scattering without wavelength change) is the predominant mechanism, and light impinging on
the tissue can be scattered once (single scattering) or multiple times (diffusive scattering) before
returning to the surface to be detected. Light can also be absorbed by chromophores such as
hemoglobin without being re-emitted (absorption), or by fluorophores such as NAD(P)H and
re-emitted at longer wavelengths (fluorescence) before being detected. In addition, inelastic processes
that shift wavelength (such as Raman scattering) can occur. The physical processes relevant to the
work described below are fluorescence, diffuse scattering and single scattering.

Fluorescence

Fluorescence can provide information about the biochemical state of the tissue and the changes
that occur during disease development. Promising in vivo results to diagnose cancer have been
reported in a number of tissues, including the cervix,® the lung,”® the gastrointestinal tract,’”'* the
oral cavity,'>!'* the skin'® and the bladder.'®!7 These results have employed statistical or empirical
analyses of the observed tissue fluorescence, the spectral features of which can be significantly
distorted by the interplay of absorption and diffusive scattering, which is ubiquitous in biological
tissue, limiting the ability to extract quantitative biochemical information. We have developed the
technique of intrinsic fluorescence spectroscopy to disentangle these artifacts and extract the
undistorted (intrinsic) tissue fluorescence.'®2° As mentioned above, IFS provides an accurate
method for characterizing the biochemical changes in tissue fluorescence associated with dysplasia
and understanding their origins.> !

Diffusive scattering

Light propagating in tissue is rapidly diffused due to multiple scattering. Diffusely reflected (or
transmitted) light can be used to detect changes in the scattering and absorption properties of
tissue. Diagnostic applications study the spectrum of diffusive back-scattered CW white light
delivered and collected by means of a small (~1 mm diameter) optical fiber probe. Since this
source—detector configuration samples the tissue to a depth of ~1 mm or less, such techniques
predominantly probe the subepithelial region of tissue, and are well suited for studying stromal
changes in epithelial lesions. Promising clinical results have been reported for distinguishing
normal and pre-cancerous tissues in the skin,?? the breast,?® the gastrointestinal tract®*?* and the
bladder.?>2® The above studies have employed empirical methods of spectral analysis, correlating
features in the diffuse reflectance spectrum with disease state. We have developed an analytical
method for analyzing diffuse reflectance spectra, based on diffusion theory, in which information
about the tissue scatterers and absorbers is extracted from the diffuse reflectance spectrum.?’” This
method, diffuse reflectance spectroscopy (DRS), provides quantitative information about tissue
composition, such as hemoglobin concentration, collagen matrix composition, efc., from which
diagnostic information is obtained.

Single scattering

As shown by our group, the back-scattered light also contains spectral information about single
scattering from the epithelium, which we study via light scattering spectroscopy.?®° This spectral
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component provides quantitative information about the size distribution and refractive index of
scatterers in the epithelium. It comprises only a small fraction (2-5%) of the overall back-reflected
light, and special methods are required to extract it. LSS spectra collected over small back-
scattering angles (a few degrees) contain information about particles that are large compared to
a wavelength of light, and analysis of such spectra provides information about the size distribution
and chromatin content of epithelial cell nuclei which, as mentioned above, are hallmarks of dys-
plasia. Successful clinical results have been obtained in the oral cavity and the uterine cervix, as well
as the gastrointestinal tract and the urinary bladder.>****! In addition, our recent studies indicate
that light scattering spectroscopic measurements at large and small angles can provide information
about sub-nuclear structure and overall cellular organization.*

Tri-modal spectroscopy (TMS)

Analysis of fluorescence EEMs and reflectance spectra has been performed to assess the potential
of IFS, DRS and LSS as diagnostic tools for detecting pre-cancerous and cancerous lesions in
Barrett’s esophagus, the oral cavity and the uterine cervix. Successful diagnostic results were
obtained in all three organs. These studies provide evidence that the three techniques provide
accurate diagnostic information, and that tri-modal spectroscopy, the combined use of IFS, DRS
and LSS, results in superior sensitivity and specificity compared to any one of the techniques alone.
Our work with Barrett’s esophagus patients was recently published.? In this section, we summarize
more recent results in the cervix® and the oral cavity.*

III. Experimental methods
Oral cavity study protocol

Reflectance and fluorescence spectra at multiple excitation and emission wavelengths were collected
from 53 tissue sites in 15 patients with known upper aerodigestive tract malignancies, and from 38
tissue sites in 8 healthy volunteers. Five sets of fluorescence and reflectance spectra were acquired in
less than five seconds by bringing an optical fiber probe in gentle contact with the tissue. Imme-
diately following spectral acquisition, a biopsy was taken from the same tissue site. Either a
temporary pressure mark left by the probe on the tissue or an ink tattoo was used to ensure that the
biopsied and spectroscopically examined tissue sites coincide. The biopsied tissue was examined
and classified by an experienced oral pathologist.

Uterine cervix study protocol

Data were collected from 44 patients undergoing colposcopy following an abnormal Papanicolaou
smear. The cervix was examined under colposcopic vision at 15x magnification. Following
application of 3% acetic acid to the cervix, spectra were acquired from one or two colposcopically
normal ectocervical sites located outside of the transformation zone and all colposcopically
abnormal sites. Immediately following spectral acquisition, the suspicious sites were biopsied. The
biopsy samples were examined and classified by an experienced pathologist, and the classification
was then correlated with the results of spectroscopy. Reflectance and fluorescence spectra were
collected from 50 colposcopically normal squamous ectocervical tissue sites (NSE), which were not
biopsied, 5 biopsied sites classified histopathologically as benign or mature squamous epithelium
(MSE), 16 biopsied sites classified as squamous metaplasia (SQM), and 13 biopsied sites classified
as squamous intraepithelial lesions (SIL), two of which were low-grade (LSIL) and the remaining
eleven were high-grade (HSIL). The biopsied MSE and SQM sites are referred to collectively as
biopsied non-SILs.

Spectral data acquisition

The FastEEM' was used to collect real-time in vivo EEMs using 11 laser excitation wavelengths
between 337 and 610 nm, and diffuse reflectance spectra over the range 350-700 nm (Fig. 1). Laser
excitation light is generated using a 337 nm pulsed nitrogen laser to pump 10 cells containing
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Fig. 1 FastEEM, schematic diagram.

different dyes, mounted on a rotating wheel. A signal to trigger the N, laser is generated whenever
the dye wheel reaches an appropriate position. The diffuse reflectance spectra are acquired using a
broadband white light pulse from a xenon flash lamp. The resulting 12 pulses of light are coupled
into a specially designed and fabricated 1.5 mm diameter optical fiber probe, consisting of a single
light delivery fiber surrounded by six collection fibers (200 pm core diameter, 0.22 NA), capped at
the distal tip by an optical shield (1 mm long fused silica spacer). This configuration provides
a reproducible light delivery—collection geometry when the tip is brought into contact with the
tissue.! Reflected light and tissue autofluorescence are collected by the probe, coupled to a CP 200
spectrograph with f“matched optics, and detected with an intensified photodiode array. Data is
recorded with OMAvision (EG&G) software. Data acquisition and storage are computer con-
trolled. The instrument is built on a 4 foot high cart that can be moved to the various locations
within a hospital. Detector gating enables data to be collected in room light, important for working
in a hospital environment. Clinical results using this device in the uterine cervix and the oral cavity
are presented below.

Spectral data analysis

The fluorescence and reflectance spectra acquired from the oral cavity and the uterine cervix were
analyzed to provide information from intrinsic fluorescence (IFS), diffuse reflectance (DRS) and
single scattering (LSS).

IFS. Light propagating in tissue undergoes multiple scattering and absorption, which can
severely distort the intensity and lineshape of measured tissue fluorescence spectra. To extract the
undistorted (intrinsic) tissue fluorescence, the measured fluorescence spectra were analyzed in
combination with information from the corresponding reflectance spectra using a photon migra-
tion-based model.'®!>?° The underlying principle of this model is that the fluorescence and
reflectance spectra collected from a specific site using the same light delivery/collection geometry
undergo similar distortions. In contrast to the observed fluorescence spectra, which consist of non-
linear contributions from tissue fluorescence, scattering and absorption, intrinsic fluorescence
spectra can be described by a linear combination of the spectra corresponding to the biochemicals
whose fluorescence is excited at a particular wavelength. By extracting the intrinsic tissue fluor-
escence, changes in tissue biochemistry can be identified more accurately, providing quantitative
information about biochemical tissue composition. As shown previously,?! at wavelengths of
interest collagen and NAD(P)H are the two major contributing fluorophores. Thus, we fit a linear
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combination of the fluorescence spectra of collagen and NAD(P)H to the tissue intrinsic fluores-
cence EEMs using a linear-least squares fitting algorithm.

DRS. The measured reflectance spectra were analyzed using a model based on diffusion theory
that expresses the reflected light as a function of the wavelength-dependent absorption (p,) and
reduced scattering (u;) coefficients of the tissue sampled.?’ This analysis provides information
about the architecture and morphology of mainly the connective tissue, i.e., the lamina propria and
the submucosa, as the optical fiber probe preferentially samples tissue within 500-700 um of the
surface. A straight line was fit to the extracted wavelength-dependent values for p. Tts slope and
intercept were used as diagnostic parameters.

LSS. A small fraction (2-5%) of the back-reflected signal is due to light that is singly back-
scattered by the cell nuclei of the epithelium.?®* This light scattering spectrum is extracted from
the reflectance data by subtracting the diffuse component provided by the model of ref. 27. The
intensity of the LSS spectrum varies in wavelength in an oscillatory manner. The frequency and
depth of these oscillations depend on the size and number density of the scatterers (cell nuclei).
These variations were analyzed using a model based on the theory of light scattering to determine

the number and size of the epithelial cell nuclei.?®°

Statistical analysis

Logistic regression and “‘leave-one-out™ cross-validation were employed to determine and validate
the diagnostic potential of the quantitative parameters extracted from the IFS, DRS and LSS
spectra. For IFS, the relative NAD(P)H and collagen fluorescence contributions to the overall
intrinsic tissue fluorescence were used as diagnostic parameters; for DRS, the slope and intercept
of the line fit to p'(1) were used; for LSS, the number density, percent enlargement (i.e., percentage
of nuclei greater than 10 pm) and size standard deviation of epithelial cell nuclei extracted from
the analysis were used. To evaluate the sensitivity and specificity of each technique to separate
dysplastic from non-dysplastic lesions in an unbiased manner, we employed ‘leave-one-out”
cross-validation.* Sensitivity and specificity values were determined by comparing the resulting
spectroscopic classifications with those of histopathology.

Tri-modal spectroscopy (TMS)

IFS, DRS and LSS provide complementary information about each tissue site from spectra taken
at the same time. We combined the diagnostic results from the three techniques to determine the
extent to which this would improve diagnostic performance. This was done by assigning each site
to the diagnostic category for which at least two of the three spectroscopic techniques agreed. The
sensitivity and specificity of TMS was then determined by comparing the spectroscopic and
histopathological classifications.

IV. Results
IFS

Fig. 2(a) shows a typical fluorescence spectrum from a normal oral gingival epithelium site excited
with 337 nm light (thick curve). The two peaks might be attributed to the presence of two fluoro-
phores. However, note that the decrease between these peaks occurs at the hemoglobin Soret
absorption peaks (Hb, 435 nm, HbO,, 415 nm). The effects of hemoglobin absorption are clearly
present in the corresponding reflectance spectrum (Fig. 2(b)). Similar results were obtained from
the cervix data.>! An example of intrinsic (undistorted) fluorescence extracted from the measured
fluorescence and reflectance, is shown in the thin curve of Fig. 2(c). Note that this spectrum exhibits
a single (asymmetric) peak. In studying spectra from different areas of the oral cavity, we noted that
keratinized epithelia (e.g., the hard palate) and non-keratinized epithelia (e.g., the buccal mucosa)
exhibit distinct intrinsic fluorescence features. The development of different algorithms for these
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Fig. 2 Oral gingival fluorescence excited at 337 nm. (a) Observed and (c) intrinsic fluorescence; (b) reflectance.

two types of epithelia resulted in better sensitivity and specificity for separating pre-cancerous and
cancerous lesions from normal tissues.

Significant differences are observed in the intrinsic tissue fluorescence of normal, squamous
metaplastic (SQM) and squamous intraepithelial lesion (SIL) sites of the uterine cervix,?! and of
normal, dysplastic and cancerous sites of the oral cavity (Fig. 3). At 337 nm excitation, the line-
shape of the dysplastic and cancerous sites broadens and shifts to the red region of the spectrum
compared to the normal tissue sites. The intrinsic fluorescence intensity of dysplastic and cancerous
tissue sites is generally lower than that of normal sites. Similar intensity trends are observed at
longer excitation wavelengths, but with increasing excitation wavelength the lineshape differences
gradually disappear.

To extract quantitative biochemical information about tissue composition, the intrinsic tissue
fluorescence EEMs were decomposed into a linear sum of contributions due to NAD(P)H and
collagen, the two major tissue fluorophores in the visible range of the spectrum.?' The contribu-
tions of these fluorophores to the intrinsic tissue fluorescence of oral cavity tissue sites are shown in
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Fig. 3 Intrinsic fluorescence spectra, oral tissue excited at 337 nm. Normal (i), dysplastic (ii), cancer (iii).
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Fig. 4. A number of interesting results arise from this analysis. In the oral cavity, collagen fluor-
escence decreases gradually from normal to dysplastic to cancerous tissue sites (Fig. 4). In the
cervix, a significant decrease is also observed in collagen fluorescence of the SQM and SIL sites
compared to that of the normal squamous epithelium. These changes could be the result of dif-
ferences in the levels of expression of enzymes such as matrix metalloproteinases (MMPs), a class
of enzymes responsible for stromal matrix degradation. Differences in the levels and/or patterns of
expression of MMP-2 and other proteases involved in carcinogenesis have been reported between
normal squamous epithelium, squamous metaplasia and SILs.** Additionally, an increase in the
NADH fluorescence is noted for the cancerous/dysplastic oral tissue sites as compared to the
normal sites (Fig. 4), and in the cervical SILs compared to that of the SQM sites. This increase
could result from an increased number of epithelial cells and/or their metabolic activity.*® We find
that the diagnostic thresholds are slightly different for keratinized and non-keratinized oral cavity
epithelial tissues.

DRS

As discussed above, the reflectance spectra can be analyzed using a mathematical model based
on the diffusion approximation of light propagation in tissue.?’ A typical reflectance spectrum is
shown in Fig. 2(b). The model provides excellent fits, from which the wavelength dependent
scattering parameter, g, and the hemoglobin concentration and saturation can be obtained. The
extracted curves of ug'(1), modeled using Mie theory, are fit to straight lines. Fig. 5 displays the
slopes and intercepts at 4 nm of these lines for the non-keratinized tissue sites. A trend towards
smaller and flatter u/(2) is observed, particularly between the normal and dysplastic/cancerous
oral cavity tissue sites and the normal and SIL cervical sites. The diagnostic thresholds (decision
lines) based on logistic regression analysis are shown. Differences in the scattering properties of
keratinized and non-keratinized oral cavity tissue sites were also observed in the extracted values
of uy. They may be related to the scattering properties of keratin and the underlying lamina
propria.

The progressive decrease in y during the development of dysplasia/cancer could be due to the
decrease in the volume of connective tissue sampled by the probe, which may decrease as the
number of epithelial cells increases. As a result, the density of scatterers within the probed tissue
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Fig. 4 NADH and collagen contributions to the intrinsic fluorescence from non-keratinized oral tissue.

Normal (diamonds); dysplastic (triangles); cancerous (squares). The normal/abnormal (solid line) and dys-
plastic/cancer (dotted line) decision lines are indicated.
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volume will decrease, since the light undergoes most of its scattering within the connective tissue
layer. Alternatively, this decrease could represent a decrease in the density of the collagenous
network effected by increased activity of MMPs or other proteolytic enzymes.

LSS

To extract the light scattering spectrum from a particular site, the modeled diffusely reflected
light component was subtracted from the measured reflectance spectrum. Fig. 6(a) shows the
LSS spectra extracted from cervical reflectance spectra from representative SQM (solid line) and
SIL (dashed line) sites. The LSS spectra were analyzed using a model based on elastic light
scattering to obtain the size distribution of the epithelial cell nuclei.”®>® The resulting nuclear
size distribution curves are shown in Fig. 6(b). The width (standard deviation) of the SIL
nuclear size distribution and the total number of nuclei per unit area are larger than those of
the SQM site, and these were used as diagnostic parameters. For the oral cavity data, the
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percent of nuclei larger than 10 um, and the width of the size distribution were the most useful
diagnostic parameters (Fig. 7).

T™S

IFS, DRS and LSS provide complementary information about different aspects of tissue bio-
chemistry and morphology. Thus, combining this information enhances the sensitivity and speci-
ficity with which we classify normal and pre-cancerous/cancerous tissues. Because the sample size
is relatively small, we combined the information from the three spectroscopic techniques (TMS)
simply by assigning a classification to each tissue site that is consistent with the results of at least
two of three methods.

Results for the oral cavity data are shown in Table 1. The analysis yielded an overall sensitivity
and specificity of 96% and 96%, respectively, for TMS identification of abnormal vs. normal oral
tissue.

The results of the analysis for the cervical data are shown in Table 2. TMS analysis yielded
an overall sensitivity and specificity of 92% and 90%, respectively, for identifying squamous
intraepithelial lesions.

In both cases it is seen that combining the three spectroscopic modalities provides an improved
overall sensitivity and specificity. TMS is more accurate than any of the three techniques taken
alone. In addition, the use of several parameters, each associated with a different biological fea-
ture, provides improved understanding of the changes in tissue morphology and biochemistry
accompanying epithelial neoplasia.

V. LSS imaging

The FastEEM samples millimeter-size regions of tissue with an optical fiber contact probe. Such
a technique would be particularly valuable if combined with a clinical technique for wide area
surveillance. Recently, we have extended the capabilities of LSS to an imaging mode that can map
variations in epithelial cell nuclei of living tissues over large surfaces.’ The resulting parametric/
functional images provide direct quantitative measures of nuclear enlargement and chromatin
content.

In the instrument, a highly collimated beam of plane-polarized light from a 75 W xenon arc lamp
illuminates a 1.3 cm x 1.3 cm area of epithelium. (The size of the illuminated area can easily be
increased or reduced.) Before reaching the sample, the light is filtered by one of 11 narrow-band
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Fig. 7 LSS binary decision plots of oral tissue sites. Normal (diamonds); dysplastic (triangles); cancer
(squares). The normal/abnormal (solid line) and dysplastic/cancer (dotted line) decision lines are indicated.
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Table 1 Sensitivity and specificity ofvarious spectroscopic techniques to differentiate abnormal
(dysplasia and cancer) from normal oral tissue

Non-keratinized Keratinized Total

Abnormal vs. normal Abnormal vs. normal Abnormal vs. normal

Modality Sensitivity Specificity Sensitivity Specificity Sensitivity Specificity

IFS 94% 96% 86% 96% 90% 96%
DRS 88% 68% 64% 81% 72% 74%
LSS 93% 100% 90% 91% 92% 97%
TMS 100% 96% 92% 96% 96% 96%

(4 nm bandwidth) filters spanning the range 450-700 nm, inserted in the beam path. The back-
scattered light is collected by a pair of equifocal achromatic lenses separated by twice their focal
lengths and relayed to an analyzer and a CCD detector positioned one focal length away from the
outer lens. This arrangement gives 1:1 imaging and a collection solid angle of 0.5°. The CCD array
is 512 x 512 pixels, each pixel having dimensions 25 x 25 um? Two images are collected at each of
the eleven illumination wavelengths, one with the analyzer parallel to the polarization of the
incident beam and the other perpendicular to it. Subtracting the two images pixel by pixel elim-
inates the unwanted depolarized component of the elastic scattered light emerging from the tissue
that would otherwise dwarf single scattering, giving the contribution due to single backscattering,
primarily from epithelial cell nuclei. The pixels are then binned 5 on a side to form 100 x 100
resolution elements, each 125 pm on a side. Each element contains an 11 point spectrum which can
be analyzed using Mie theory to give the size distribution of the epithelial cell nuclei, their
population density, and their refractive index relative to that of the cytoplasm. We then obtain
diagnostic images of the spatial distribution of dysplasia in terms of the percentage of enlarged
nuclei and the distribution of nuclear solid mass.

We have studied freshly resected colon tissue samples from patients undergoing colectomy. We
imaged an adenoma surrounded by non-dysplastic colon mucosa using the LSS imaging apparatus
(Fig. 8). For each pixel (25 pm x 25 um) of the imaged field (1.3 cm x 1.3 cm), a spectrum of light
backscattered by the nuclei was first distinguished from the rest of the reflected light using
polarization discrimination and then analyzed using the Mie theory-based computerized algorithm.
The parameters obtained were the size and refractive index of the nuclei in each pixel. The imaged
field was divided into 125 pm x 125 pm regions, and the percentage of nuclei larger than 10 um was
obtained for each of these areas.

The resulting color-coded images are shown in Fig. 9. As expected, the nuclei are enlarged in the
central, adenomatous region, but not in the surrounding non-dysplastic tissue (panel a). Panel b in
the same figure is an LSS image of the spatial distribution of the mass of nuclear solids (chromatin
and other constituents), displayed in units of pg (nucleus)™'. These values were derived from the
knowledge of the diameter and the refractive index of the nuclei, obtained from our LSS image. It is
known that the nuclear solid mass correlates with chromatin content.*®*” One can see that in
the region of the polyp, the chromatin content is larger than in the surrounding normal tissue.
This condition is an indication of dysplasia, as well.

Table 2 In vivo performance of the various spectroscopic techniques
for separating SILs from non-SILs

Biopsied non-SILs vs. SILS All non-SILs vs. SILs

Modailty Sensitivity Specificity Sensitivity Specificity
IFS 62% 67% 62% 92%
DRS 69% 57% 62% 82%
LSS 77% 71% 77% 83%
™S 92% 71% 92% 90%
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Fig. 8 Schematic diagram of LSS imaging apparatus. L1, L2: telescope lenses; P1, P2: polarizers; FW: filter
wheel; M: mirror; BS: beam splitter; L3: imaging lens.

Percentage of

large nuclei
W40 - 50
0 30- 40
020-30
@10-20

Adenoma Non-dysplastic mucosa

Nuclear solid
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m115- 140
0O 90-115
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40- 65

Fig. 9 LSS images of a colon tissue adenoma. Spatial distributions are shown for: (a) percentage of enlarged
nuclei; (b) nuclear solid mass. The polyp borders are marked by ellipses.
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The accuracy of measuring the size and relative refractive index was found to be 25 nm and
0.001, respectively. We note that sub-wavelength size resolution is possible because the scatterers
act as interferometers and data is collected at multiple wavelengths. Hence, exceedingly small
quantities can be measured, and measuring accuracy can be very high.

VI. Discussion

Epithelial neoplasms account for significant morbidity and mortality worldwide, and significant
healthcare resources are spent each year in screening protocols for early detection of these neo-
plasms and their biological precursors. The current method for detecting dysplasia and early cancer
in the oral cavity is visual screening followed by biopsy and histopathological evaluation of visible
lesions. In the cervix, the Pap smear serves as a cytological screening technique, with positive
results followed up by visual inspection with a low power microscope (colposcopy) and, again, by
biopsy and histopathology of visible lesions. Visual inspection during colposcopy is aided by
application of acetic acid, which often produces a non-specific “whitening” of various epithelial
changes, including some dysplastic lesions. In the gastrointestinal tract, screening for dysplasia in
the setting of Barrett’s esophagus and chronic inflammatory bowel disease is based entirely on
random sampling of the epithelium, because early dysplastic lesions are essentially invisible to the
naked eye. Clearly, these clinical methodologies for detection of pre-cancers lack sensitivity and
specificity, and often result in unnecessary biopsies or missed lesions.

The presence of dysplasia gives rise to a number of changes in the epithelium and the underlying
stroma. Tissue structural and biochemical changes often include nuclear enlargement and crowding
with increased variability in shape and size, loss of cellular maturation, and overall thickening
of the epithelium.>® The development of dysplasia and cancer is also commonly accompanied
by inflammatory and architectural changes, including neovascularization.* The lamina propria
undergoes reorganization and various proteases degrade parts of the basement membrane and
underlying collagen network, facilitating cancer cell invasion and ultimately metastatic dis-
semination via the lymphatic and vascular system.*

The spectral changes produced by structural and biochemical changes in the epithelium and the
subepithelial collagen network manifest themselves in the intrinsic fluorescence. NADH and
collagen fluorescence in the oral cavity and cervix are modulated by changes in cell number and
metabolic activity, and stromal fluorescence, respectively. In addition, some of the epithelium of
the oral cavity tissue is covered with a layer of keratin, which scatters some of the incoming
excitation light and reduces its penetration depth. This results in an NADH contribution that is
relatively higher than that of collagen.

The increased cell and metabolic activity associated with progression of neoplasia also leads to
an increase in NADH fluorescence. Additionally, due to the thickening of the epithelium, less
excitation light can reach the underlying collagen network. It has also been shown that collagenase
enzymes responsible for the degradation of collagen are usually present in tissue areas undergoing
significant architectural changes.*' This gives rise to the observed changes in NADH and collagen
contributions to the tissue fluorescence spectrum with progression of disease.

The structural and biochemical changes in the epithelium and underlying stroma also manifest
themselves in the diffuse reflectance spectra. The decrease in the scattering coefficient we observed
with the presence of dysplasia may be explained by thickening of the epithelium and a slow
destruction of collagen cross-links by proteases.

Microscopic tissue changes in the epithelium could be detected with LSS. Enlargement of
epithelial cell nuclei and the increase in the standard deviation of the nuclear size distribution are
well-established biomarkers of dysplastic cells and are commonly used by pathologists in making
diagnostic decisions. Since LSS is sensitive to singly scattered light, the information obtained is
limited to the epithelium, which complements the information from deeper tissue layers obtained
with DRS. The direct backscattering detection geometry makes this technique more sensitive to
structures of the size of cell nuclei, and interference from cell scattering can be neglected. Very good
results were obtained for LSS.

The three techniques (IFS, DRS and LSS) provide several types of information for tissue
characterization: biochemical, stromal scattering/absorption, and size distribution of the epithelial
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nuclei. By combining the complementary tissue biochemical and morphological information thus
provided, we achieve a more sensitive and specific diagnosis. We also note that the histopathology
results, which were used as the standard, are themselves subject to strong intra-examiner and inter-
examiner variations,*” limiting the accuracy of our analysis. The good results we have obtained
with our spectroscopic techniques indicate that TMS may be used as a guide to biopsy, thereby
enhancing the physician’s ability to detect lesions at an early stage.

The current study used modeling of fluorescence and reflectance spectra to extract quantitative
biochemical and morphological features associated with cancer progression. Thus, complementary
structural and biochemical information was extracted from a macroscopic tissue sample of
approximately 1 mm® in dimension. Some of these morphological features are customarily
employed qualitatively by pathologists in making their diagnoses. Thus, we could create a novel
tissue classification scheme built on modeling spectra to derive the underlying causal features in
malignant tissue progression. The inherent ability of spectroscopic techniques to provide inde-
pendent algorithm-based diagnoses is in contrast to morphological imaging techniques such as
optical coherence tomography and confocal microscopy that require “expert” analysis of the
in vivo images to reach a diagnosis.

The successful imaging of colon adenomas using LSS demonstrates the promise of that technique
for mapping large regions of tissue. Adenomas contain dysplastic tissue in polypoid form, making
them easily recognizable and a good model to test the new imaging technology. Both nuclear
enlargement and nuclear mass could be imaged, illustrating the power of the technique. Incor-
poration of LSS imaging and the TMS probe in an integrated instrument should provide a pow-
erful new means of identifying dysplasia, by scanning wide areas of tissue for invisible lesions and
then investigating suspicious sites in more detail with the TMS probe.

VII. Conclusion

The work presented here illustrates how optical spectroscopy can monitor morphological and
biochemical features that accompany dysplasia and provide diagnostic information in a quanti-
tative, objective, non-invasive manner, in real time, without the need for tissue removal or pro-
cessing. This rich source of information also allows us to understand more fully the changes that
take place during the onset, progression and regression of neoplasia, specially during chemopre-
vention or medical therapy. We showed that changes in NADH and collagen intrinsic fluorescence
have excellent diagnostic potential, and that additional diagnostic changes in tissue hemoglobin
concentration and stromal morphology are extracted from the diffuse reflectance spectra. Fur-
thermore, complementary morphological information about epithelial cell nuclei is contained in the
light scattering spectra. All tissue biochemical and structural information was obtained in vivo
without the use of exogenous dyes, and without the introduction of artifacts due to tissue removal
and processing. The use of the three spectroscopic techniques together in the TMS spectral probe
provided the ability to accurately distinguish normal from abnormal tissue and dysplastic tissue
from cancer. This probe, when combined with LSS imaging, should provide a powerful new tool
for wide area surveillance of invisible dysplasia, guiding and perhaps eventually replacing biopsy
during clinical screening and during surgery for detecting cancer margins in the operating room.
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