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BACKGROUND. Understanding the development and progression of head and neck
squamous cell carcinoma is key in the quest for the early diagnosis and prevention
of this type of malignancy. The current study correlated early biochemical and
histologic changes in oral tissue with spectral features in fluorescence, reflectance,
and light scattering spectra acquired in vivo to diagnose early stages of oral
malignancies.

METHODS. A total of 91 tissue sites from 15 patients with varying degrees of
malignancy (normal, dysplastic, and cancerous sites) and 8 healthy volunteers
were analyzed with 3 spectroscopic techniques. Direct biochemical information
regarding oral tissue native fluorophores was obtained with intrinsic fluorescence
spectroscopy by fitting a linear combination of collagen and the reduced form of
nicotinamide adenine dinucleotide (NADH) fluorescence spectra to the intrinsic
tissue fluorescence spectra excited with 337 nanometer (nm) and 358-nm laser
light. Diffuse reflectance spectroscopy was used to provide information regarding
tissue absorption and structure, such as hemoglobin concentration and stroma
density, by measuring the wavelength-dependent absorption and scattering coef-
ficients. By subtracting the diffusely reflected component from the measured
reflectance, light scattering spectroscopy (LSS) information resulting from single
backscattering from epithelial cell nuclei was obtained. LSS provides information
concerning the size distribution of cell nuclei.

RESULTS. These optically extracted tissue parameters provide biochemical or
structural information in vivo without the need for tissue excision, and can be used
to diagnose tissue abnormalities. By combining the information provided by the
three techniques, a method known as trimodal spectroscopy, a sensitivity and
specificity of 96% and 96%, respectively, in distinguishing cancerous/dysplastic
(mild, moderate, and severe) from normal tissue was achieved. In addition, the
authors were able to distinguish dysplastic from cancerous tissue with a sensitivity
of 64% and a specificity of 90%.

CONCLUSIONS. The results of the current study demonstrated that Trimodal spec-
troscopy is a highly sensitive and specific technique with which to diagnose tissue
abnormalities. Cancer 2003;97:1681-92. © 2003 American Cancer Society.
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H ead and neck squamous cell carcinoma (HNSCC)
represents a significant and growing public health
problem worldwide. In the U.S. alone, approximately
30,000 new cases are diagnosed annually, and it is
estimated that HNSCC results in 8000 deaths per
year.! HNSCC has been associated with a well defined
group of risk factors. Greater than 75% of patients who
develop squamous cell carcinoma of the upper aero-
digestive tract have a history of long-term tobacco use
and heavy alcohol intake.

HNSCC is commonly preceded by dysplasia (in-
traepithelial neoplasia).> Dysplastic lesions often are
found in the oral cavity in the form of erythroplakia
and leukoplakia. These preinvasive neoplastic lesions
carry a risk for malignant conversion of approximately
90% and 10%, respectively.®* Therefore, early detec-
tion of carcinomas of the oral cavity is very important
for successful treatment and improvement of the sur-
vival rate.® Despite advances in therapy, the inability
to improve the overall survival significantly in patients
with HNSCC has created strong interest in the preven-
tion and early detection of this condition. Because the
current incidence of early HNSCC is high and screen-
ing techniques are inadequate, a major challenge ex-
ists for clinicians to detect HNSCC early.®

The oral cavity is a complex of many tissues that
differ in their histology, metabolism, and keratin con-
tent. Even though the type of epithelium is stratified
squamous throughout, the mucous membrane of the
oral cavity differs from region to region in the mor-
phology of its epithelium and underlying lamina pro-
pria. The mucosa lining the oral cavity (buccal, soft
palate, floor of the mouth, and inner lip) is nonkera-
tinized and has a loose lamina propria, whereas the
specialized mucosa (dorsal tongue) and masticatory
mucosa (hard palate and gingiva) have a superficial
keratin layer. In addition, the masticatory mucosa has
a densely packed collagen fiber network beneath the
epithelium.

Detecting and distinguishing among benign, pre-
cancerous, and malignant oral lesions usually is ac-
complished by visual screening followed by biopsy of
suspicious tissue sites. Histopathologic examination
of biopsy samples is required for diagnosis. However,
it often is difficult even for an experienced clinician to
decide on the best area to biopsy. Field cancerous
changes further complicate the diagnosis.

The presence of an identifiable high-risk popula-
tion and direct access to the lesion makes the oral
cavity an ideal site in which to clinically evaluate new
diagnostic techniques. Techniques such as cytologic
brushing may be helpful, but histologic diagnosis still
is required for final diagnosis. Optical spectroscopy
has the potential to detect malignant lesions earlier,

before they become macroscopically visible, by prob-
ing tissue biochemistry and morphology in vivo in real
time. In addition, spectroscopy may prove to be a
more objective technique supplementing the clinical
impression, which is known to vary among medical
practitioners.

The use of endogenous and exogenous”?® fluores-
cent markers, with tumor-localizing properties, for the
clinical detection of early cancer in vivo has been
investigated by several researchers. However, fluoro-
phores, absorbers, and scatterers present in tissue al-
low one to obtain biochemical and structural informa-
tion through fluorescence, reflectance, and light
scattering spectroscopy for the diagnosis of malignant
and premalignant conditions, without the need to ad-
minister exogenous substances.

Fluorescence and reflectance spectroscopies al-
ready have been used for tissue assessment in various
organs with promising results.’*° The objective of the
current study was to measure biochemical and mor-
phologic tissue parameters spectroscopically in vivo in
the oral cavity and evaluate how these parameters are
related to disease progression. We introduce a novel
approach, trimodal spectroscopy (TMS), for analyzing
fluorescence and reflectance data from oral tissue and
to obtain direct morphologic and biochemical infor-
mation for the diagnosis of early oral carcinoma. TMS
employs three techniques: intrinsic fluorescence spec-
troscopy (IFS), diffuse reflectance spectroscopy (DRS),
and light scattering spectroscopy (LSS). TMS has been
used previously in the cervix and the esophagus, and
has demonstrated promising results in detecting early
malignancy. Using three independent spectroscopic
techniques, TMS obtains information from different
independent tissue parameters, leading to more ro-
bust diagnostic algorithms for early detection of dys-
plasia. This provides improved understanding of the
changes in tissue morphology and biochemistry ac-
companying epithelial neoplasia in the oral cavity.

MATERIAL AND METHODS

Study Protocol

Reflectance and fluorescence spectra at multiple exci-
tation 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 (Table 1). The study was approved by New
England Medical Center’'s Human Investigational Re-
view Committee and the Massachusetts Institute of
Technology’s Committee on the Use of Humans as
Experimental Subjects. Written informed consent was
obtained from each patient and healthy volunteer en-
rolled in the study.
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TABLE 1
Site Locations and Corresponding Histopathological Diagnosis
Mild Moderate  Severe Para/

Normal dysplasia dysplasia dysplasia HNSCC Inflammation orthokeratinization
Buccal mucosa 19 1 1
Floor of mouth 58 1 4 5
Soft palate 4 1 3
Ventral tongue 1 1 1
Hard palate 18 1
Gingiva 35 4 1 3 2 2
Dorsal tongue 18 1 2 2 1
Total 16 38 6 5 8 12 2 4

HNSCC: head and neck squamous cell carcinoma; Para: parakeratotic; ortho: orthokeratotic.
Italic type indicates the number of sites from which healthy volunteer spectra were taken. No biopsies were obtained for these sites.

Instrumentation

Fluorescence and reflectance spectra were obtained
with an upgraded version of the FastEEM instru-
ment.?! This instrument provides 11 laser excitation
wavelengths between 337 nanometers (nm) and 610
nm, which are used to acquire a fluorescence excita-
tion-emission-matrix (EEM), and broadband white
light from a xenon flash lamp (350-700 nm), which is
used to obtain a diffuse reflectance spectrum. (An
EEM is a three-dimensional or contour map in which
fluorescence intensity is plotted as a function of exci-
tation and emission wavelengths to fully characterize
the fluorescence properties of a sample.) The excita-
tion light is coupled into an optical fiber probe mea-
suring approximately 1.5 mm in dimension, which is
comprised of a single light delivery fiber surrounded
by 6 collection fibers (fused silica, 200 um core dimen-
sion, 0.22 numerical aperture [NA]) terminated by an
optical shield (1-mm long fused silica spacer). This
configuration provides a reproducible delivery-collec-
tion geometry when the probe is brought in contact
with the tissue.?* Reflected and fluorescent light emit-
ted from tissue was collected by the probe and cou-
pled to a spectrograph and photodiode array detector.
Data acquisition and storage were computer-con-
trolled. Calibration was performed prior to data col-
lection.*!

The probe was brought into gentle contact with
the tissue in vivo, and fluorescence spectra at 11 ex-
citation wavelengths and white light reflectance spec-
tra were acquired in < 1 second. To achieve a better
signal-to-noise ratio (S/N), 5 sets of EEMs and reflec-
tance were acquired at once, which took < 5 seconds.
The probe then was removed, leaving a temporary
mark at the site at which spectra were taken, facilitat-
ing accurate biopsy sampling of the same site. In some
cases, tissue markers or tattooing with ink was used to
mark the tissue excitation spot for precise registration.

Histology slides were prepared from the biopsies and
classified by an experienced oral pathologist. After
classification, the spectroscopic data was correlated
with the histopathologic results.

Methods of Analysis
Three spectroscopic techniques (IFS, DRS, and LSS)
were used in combination (TMS).

Intrinsic fluorescence spectroscopy

IFS is particularly important in the oral cavity because
the large blood supply in this tissue can affect the
fluorescence line shape and intensity. This makes it
difficult to distinguish changes in tissue fluorescence,
because of alterations in fluorophore concentrations,
from distortions resulting from elastic scattering and
hemoglobin absorption. We used a mathematic model
to obtain the intrinsic tissue fluorescence spectrum
and therefore quantitative biochemical informa-
tion.?*?* The intrinsic fluorescence is a linear combi-
nation of the fluorescence spectra of individual tissue
biomolecules. Therefore, IFS provides direct biochem-
ical information regarding the tissue state.

We investigated the intrinsic fluorescence of oral
cavity tissue at a variety of excitation wavelengths to
determine the biochemical fluorophores contributing
to the tissue spectra. We anticipated that variations in
the intrinsic fluorescence line shape with disease
would correlate with variations in fluorophore con-
centration. We used multivariate curve resolution
(MCR) on intrinsic fluorescence spectra of in vivo
normal, dysplastic, and cancerous tissue to extract the
fluorescent spectral components. The two spectral
components (fluorophores) found with MCR analysis
from the diseased tissues then were compared with
the fluorescence from a viable cell pellet of the KB
human oral squamous carcinoma cell line (predomi-
nant fluorophore the reduced form of nicotinamide
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FIGURE 1. Intrinsic fluorescence spectra of the 2 spectral components
excited at 337 nanometers (nm) and extracted with multivariate curve resolu-
tion. (A) Spectral component 1 (thin line), compared with collagen of the
submucosa (thick line). (B) Spectral component 2 (thin line), compared with
nicotinamide adenine dinucleotide (NADH) of a tumor cell pellet (thick line).

adenine dinucleotide [NADH]) and the submucosa of
normal freshly biopsied check tissue (predominant
fluorophore collagen). The two spectral components
were found to be closely similar to the fluorescence of
the tumor cell pellet and cheek submucosa, respec-
tively (Fig. 1A, B), and we thus assigned the two spec-
tral components to the fluorophores collagen and
NADH.

Recovery of the intrinsic fluorescence and knowl-
edge of the fluorescent components allow quantitative
biochemical analysis of the tissue. A linear combina-
tion of NADH and collagen spectral components from
the MCR algorithm were fitted to the intrinsic tissue
fluorescence spectra for 337 nm and 358 nm excita-
tion, respectively, from patients and healthy volun-
teers. These excitation wavelengths were chosen be-
cause the spectral line shapes of NADH and collagen
at these wavelengths are appreciably different, and the
fluorescence intensity of NADH (for which the excita-

tion spectrum approaches 0 for wavelengths > 400
nm) is strong enough to be detectable. To investigate
the natural variations in the intrinsic fluorescence
spectra from different normal tissue sites in the oral
cavity, spectra from eight healthy volunteers were an-
alyzed.

Diffuse reflectance spectroscopy

DFS also has shown promise as a diagnostic tool.
Diffusely reflected white light enters the tissue and
scatters multiple times before it is collected at the
tissue surface. Spectral analysis of the reemerging
light, based on diffusion theory, provides biochemical
information from the absorption and structural infor-
mation because of scattering.>'®'%2® Diffuse reflec-
tance spectra in the range of 350-700 nm were ana-
lyzed using a model based on light diffusion theory to
extract the absorption and reduced scattering coeffi-
cients of tissue.” In some cases in which the fit over
the entire wavelength range was quite poor (because
of the large hemoglobin absorption of approximately
420 nm and the layered structure of the tissue), fits of
the reflectance spectrum were restricted from 500 nm
to 700 nm. Hemoglobin was found to be the dominant
absorber for these tissues in the visible range of the
spectrum. Scattering was approximated by the Mie
theory. The scattering properties of diffusely reflected
light are determined mainly by the collagen fibers of
the underlying stromal layer.”® Thus, DRS provides
information regarding the morphology and biochem-
istry of the stroma. By using the diffusion model® to fit
the experimental data, the absorption (w,) and re-
duced scattering coefficient spectra (u,’) were ob-
tained as functions of wavelength.

Light scattering spectroscopy

LSS studies white light backscattered from cell nuclei,
which can be approximated by spheres of appropriate
dimension and refractive index.?” According to the
Mie theory, the light from these scatterers contains an
oscillatory component in wavelength, the frequency
and amplitude of which are proportional to the di-
mension and density, respectively. Measured size (nu-
clear enlargement) and density (crowding) are key
parameters used by pathologists to diagnose dyspla-
sia. The diagnostic potential of LSS has been demon-
strated in the esophagus, bladder, oral cavity, colon,®
and cervix.'® The LSS spectrum was extracted from the
reflectance spectrum by subtracting the diffuse com-
ponent obtained from the model fit.° In some cases,
we had to modify this model to obtain good fits by
superposing two modeled reflectance spectra. After
subtracting the model fit from the experimentally ob-



Spectroscopic Evaluation of Early Oral Carcinoma/Miiller et al.

2.5
8
7 =
6 [N
2 ’! N
5 f A
£.1 \
> 15 Sep \
= N / AN
] 27 AN
!
< 337 nm 1 N
/ .
t 0 e
- 11 i '
350 400 450 500 550 600 650 700
Wavelength fnm]
0.5
358 nm

0 : : .
A 350 400 450 500 550 600 650 700

0.4

g
2 031
o
g 0.2 (\A\ﬂr\\m%
k) i
IZ 0.1

0 - .

350 400 450 500 550 600 650 700
B Wavelength [nm]

1685

0.9 1

08 o
0.7+
06 -
0.5 1
04 -

Intensity

500 550 800 B850 700
0.3
Wavelength [nmj

0.29
0.1

0+ : .
350 400 450 500 550 600

@]

650 700

0.4
0.3 1
0.2 -
0.1 1

Reflectance

0 T T T
350 400 450 500 550 600 650 700

D Wavelength [nm]

FIGURE 2. Tissue fluorescence spectra measured at two sites (Panels A, C), each excited at 337 nanometers (nm) and 358 nm, respectively, and corresponding
tissue reflectance spectra at those sites (Panels B, D). The large differences in line shape between Panels A and C are apparent especially at 337-nm excitation,
and are for the most part the result of hemoglobin variations, which also can be observed in the 2 reflectance spectra. For comparison, the insets show the 337-nm

excited intrinsic fluorescence.

tained reflectance, the size distribution of nuclei was
extracted.?”

Statistical Analysis

To assess the diagnostic potential of IFS, DRS, and
LSS, we used a statistical technique called logistic
regression, which correlates the results of each spec-
troscopic technique with histopathology. To establish
the ability of spectroscopy to predict the presence of
disease (malignancy, dysplasia) and nondisease (nor-
mal) accurately, we employed a cross-validation
scheme in which one data point was removed, the
remaining data points were used to develop a classi-
fication scheme, and the result was applied to the
omitted data point.?® This process was repeated until
all data points were evaluated. The same scheme was
used in the classification of dysplasia versus malig-
nancy. In the current study, all dysplastic and cancer-
ous sites previously falling in the wrong category (nor-
mal) were labeled as misclassified. The spectra from
six benign tissues sites diagnosed as hyperplasia (one
site), hyperkeratosis (two sites), parakeratosis (one
site), and inflammation only (two sites) were not in-
corporated in the statistical analysis because of the
small size of these categories.

Trimodal spectroscopy

The three techniques were combined to form a con-
sensus TMS diagnosis in which the combined diagno-
sis of each site was obtained as the diagnosis for which
the results of at least two of the three techniques
agreed. The advantage of TMS is that the use of several
diagnostic parameters for diagnosis can potentially
increase the prediction accuracy significantly.

RESULTS
Intrinsic fluorescence spectroscopy
Figure 2 shows measured reflectance and fluorescence
spectra at 337 nm and 358 nm excitation, respectively,
taken in 2 samples. Strong variations in both reflec-
tance and fluorescence can be noted. There are two
types of variations in the fluorescence: changes in the
fluorescent properties of the tissue and distortions by
absorption and scattering. The latter variations, pre-
dominantly the result of hemoglobin, can be removed
by extracting the intrinsic fluorescence, which results
in fluorescence variations that are the result of
changes in fluorophore concentrations only. There-
fore, a line shape shift in the intrinsic fluorescence for
cancerous tissue can be attributed to biochemical
and/or morphologic changes.**

The intrinsic fluorescence spectra from normal
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FIGURE 3. Mean intrinsic fluorescence spectra with standard deviations ()
from normal tissue with keratinized epithelium (k) and nonkeratinized epithe-
lium (n). (A) Unnormalized and (B) Normalized spectra. Excitation is at 337
nanometers (nm). Note the differences in intensity, line shape, and standard
deviation. a.u.: arbitrary units.

tissue sites were divided into two classes: keratinized
and nonkeratinized. We found that normal tissue with
keratinized epithelium, such as specialized and mas-
ticatory mucosa, have intrinsic fluorescence spectra
that are somewhat lower in intensity (Fig. 3A) and are
shifted to the red region of the spectrum compared
with spectra from mucosa lining of the oral cavity (Fig.
3B). Because of these variations in the normal sites, we
divided our data set into these two basic categories.
Subsequent data analysis found that this procedure
resulted in the best separation between normal and
diseased tissue sites.

We found the diagnostically significant informa-
tion in the intrinsic fluorescence spectra to lie in the
emission wavelength range of 350-600 nm. As dis-
cussed earlier, at these wavelengths the intrinsic fluo-
rescence of oral cavity tissue is comprised of the two
spectral components, collagen and NADH. From the
variations in the intrinsic fluorescence spectra with
progression of disease, we further concluded that tis-

]

6 337 nm

Intensity

27 358 nm

0 : . .
350 400 450 500 550 600 650

Wavelength [nm]

FIGURE 4. Intrinsic fluorescence spectra of a cancerous tissue site at two
excitation wavelengths (thick line), fit to a linear combination of the two
spectral components (thin line). Note that the model recovers the relative
fluorescence intensities, as well as the spectral line shapes. nm: nanometers.

sue has varying amounts of these fluorophores
whereby NADH increases and collagen decreases with
disease. A typical fit of these spectral components to a
cancerous tissue site is shown in Figure 4.

Figure 5 is a binary plot of the relative contribu-
tions from NADH and collagen spectral components.
As can be observed, all three tissue types (normal,
dysplastic, and cancerous) are well separated (Table 2,
first row, panels A, B).

Diffuse reflectance spectroscopy

A typical diffuse reflectance fit using the model by
Zonios et al.’ to the experimentally obtained reflec-
tance is shown in Figure 6A. The fit provides the
absorption, u,(A), and reduced scattering coefficient
spectra, u,'(A). An absorption coefficient comprised of
only hemoglobin gave a good fit to the reflectance,
indicating that hemoglobin is the only significant ab-
sorber. The absorption coefficient demonstrated large
variations in hemoglobin concentration, which were
found to be uncorrelated with disease. To characterize
the overall intensity and slope of the reduced scatter-
ing coefficient (u,'), a linear fit was performed (Fig.
6B). Analysis of the reflectance data from healthy vol-
unteers demonstrated a general trend toward higher
scattering coefficients for keratinized compared with
nonkeratinized epithelium, which is expected because
of the previously discussed differences in morphology.
Therefore, we separated the data into two basic cate-
gories, as was done for the intrinsic fluorescence. Fig-
ures 6C and 6D show binary plots with the intercepts
at A = 0 nm and the slopes of the lines fitted to the
extracted w ' (A). The trend toward smaller and flatter
values of ' (A) with increasing extent of dysplasia and
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malignancy can be used to make diagnostic decisions
(Table 2, second row, Panels A, B).

Light scattering spectroscopy

Light scattering spectra can be extracted from tissue
reflectance spectra by subtracting the modeled diffuse
reflectance fit from the data. The data quality and fits
of the diffuse reflectance model were not always good
enough over the entire wavelength range (350-700
nm) to permit extraction of LSS spectra. (The larger
the wavelengths range, the more oscillations in the
LSS spectrum, thereby improving the accuracy of the
fit). In some cases the data fits could be improved by

1687

modifying the diffuse reflectance model as discussed
earlier, thus enabling LSS spectra extraction. Because
LSS analysis requires high quality spectra with good
S/N, some data points (spectra) had to be omitted
from the data analysis. Because LSS provides only
information regarding epithelial nuclei, separation of
the data set into two classes was not necessary. The
results from the analyzed spectra (Fig. 7) demonstrate
an enlargement of epithelial cell nuclei and broaden-
ing in the nuclear size distribution with disease (Table
2, third row, Panels A, B).

Statistical Analysis

The logistic regression lines in Figures 5-7 demon-
strate good separation between normal and abnormal
(solid line) and dysplasia and carcinoma sites (dotted
line). The lines demarcate the area for which a certain
diagnosis is expected when certain optical parameters
are obtained. The spread in the data points is because
of biologic variations and possible sampling errors.
Points that were misclassified in the first classification
step (normal vs. abnormal) also were counted as mis-
classified in the second step (dysplasia vs. carcinoma).

Trimodal spectroscopy

Combining the three spectroscopic techniques pro-
vided increased accuracy to characterize normal and
abnormal tissues, and also improved our ability to
differentiate between cancerous and dysplastic tissue.
For TMS analysis, we used a consensus diagnosis in
which at least two of the three techniques provided
the same classification as the histopathologic diagno-
sis. The last row of Table 2 indicates that TMS has a
higher sensitivity and specificity than was achieved
with any one of the other techniques alone. This com-
bination enabled us to diagnose malignant/precan-
cerous tissues with a sensitivity of 96% and a specific-
ity of 96% and a positive and negative predictive value
of 0.93 and 0.98, respectively (only 1 abnormal and 2
normal sites were misclassified). In addition, we dis-
tinguished cancerous from dysplastic tissue with a
sensitivity of 64% and a specificity of 90% (with posi-
tive and negative predictive values of 0.9 and 0.64,
respectively).

DISCUSSION

Currently the standard for dysplasia and carcinoma
detection in the oral cavity is visual screening, biopsy,
and histopathologic evaluation. Tissue structural and
biochemical changes during carcinoma development
include several features that can be measured opti-
cally, including hyperproliferation and nuclear crowd-
ing of basal cells. The epithelium frequently demon-
strates thickening, loss of cell stratification, and
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TABLE 2
Spectroscopic Versus Pathologic Classification

A. Normal and abnormal tissue

Nonkeratinized Keratinized Total
Abnormal Normal Abnormal Normal Abnormal Normal
Spectr/histopath Spectr/histopath Spectr/histopath Spectr/histopath Spectr/histopath Spectr/histopath
IFS 16/17 27128 12/14 25126 28/31 52154
DRS 15/17 19/28 9/14 21/26 23131 40/54
LSS 13/14 17/17 9/10 16/17 22/24 33/34
™S 16/16 22123 11/12 22123 27128 44/46
B. Dysplastic versus cancerous tissue
Nonkeratinized Keratinized Total
Dysplastic Carcinoma Dysplastic Carcinoma Dysplastic Carcinoma
spectr/histopath spectr/histopath spectr/histopath spectr/histopath spectr/histopath spectr/histopath
IFS 5/8 8/9 5/11 213 10/19 10/12
DRS 218 6/9 5/11 213 7119 8/12
LSS 316 4/8 6/8 112 9/14 5/10
™S 316 718 6/8 212 9/14 9/10

Spectr/histopath: Optical spectroscopy/histopathologic examination; IFS: intrinsic fluorescence spectroscopy; DRS: diffuse reflectance spectroscopy; LSS: light scattering spectroscopy; TMS: trimodal spectroscopy.

enlargement of epithelial cell nuclei.* The develop-
ment of dysplasia and carcinoma commonly is asso-
ciated with inflammatory changes, including neovas-
cularization.”® The lamina propria undergoes
reorganization and matrix metalloproteinases (MMPs)
degrade parts of the basement membrane and under-
lying collagen network, facilitating tumor cell invasion
and ultimately metastatic dissemination via the lym-
phatic and vascular systems.*°

Several investigators have conducted clinical
studies to examine the potential of fluorescence to
diagnose dysplasia and carcinoma in the oral cavity
using endogenous or exogenous fluorophores. Mark-
ers such as 5-aminolevulinic acid (5-ALA)-induced
protoporphyrin IX (PPIX) or hematoporphyrin deriva-
tive (HPD) may be administered systemically or topi-
cally. These fluorescent substances appear to accumu-
late to a greater extent in cancerous tissue compared
with in normal tissue. HPD and PPIX are reported to
have a low specificity for detecting carcinoma’ and are
not very sensitive for detecting early neoplastic le-
sions. Red porphyrin fluorescence also can be ob-
served, mostly in HNSCC, without the use of exoge-
nous dyes.*!

In the past, endogenous porphyrin fluorescence
excited at 410 nm was used to detect abnormal tissue
sites in the oral cavity.'"'**>3* This method may
achieve high sensitivity to detect cancerous lesions,
but its specificity tends to be low. In the current study,
we observed red fluorescence not only in HNSCC sites

but also in some oral cavity sites of healthy volunteers.
This, among other effects, might be because of bacte-
rial colonization in the oral cavity, which also pro-
duces PPIX.** Heintzelman et al.* studied the fluores-
cence from several excitation wavelengths and used
the ratio between 350—-400 nm excitation at 472 nm
emission as an optimal diagnostic algorithm for de-
tecting malignant abnormalities of the oral cavity with
fluorescence spectroscopy. They and others®3%3°
achieved good results, especially for ultraviolet excita-
tion, using diagnostic decision algorithms based on
empiric observations or principal component analy-
sis. However, often, no statistical validation was used
on the data sets. Use of these algorithms to acquire
insight into biologic changes can be misleading be-
cause variations in hemoglobin concentration and tis-
sue structure also can alter the fluorescence, leading
to interpatient and same-patient variations.**** The
results of the current study demonstrate that by using
the intrinsic fluorescence of tissue, the effect of vari-
ations in absorber (e.g., hemoglobin) concentration
and therefore in fluorescence line shape and intensity
can be removed (insets, Fig. 2). This allowed us to
analyze fundamental underlying changes in the fluo-
rescence spectra produced by tissue changes (bio-
chemical composition) alone, whereas previous stud-
ies simply attempted to correlate spectral features
with general tumor development.

Two spectral components of the oral cavity,
NADH and collagen, allowed us to extract cellular
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FIGURE 7. Binary decision plot showing the standard deviation (std) of the
nuclei size distribution plotted as a function of percentage of enlarged nuclei
(dimension > 10 wm). The solid line separates normal from abnormal tissue
and the dotted line separates dysplasic from cancerous tissue. Darkly shaded
diamond: normal; shaded triangle: mild dysplasia; shaded circle: moderate
dysplasia; lightly shaded diamond: severe dysplasia; open square: cancerous
tissue; solid circle: inflammation, X: hyperkeratosis.

fluorescence because of cell number and metabolic
activity and stromal fluorescence in vivo, respectively.
The line shape shift to the red and the smaller overall
fluorescence intensity for keratinized tissues noted in
Figure 3 most likely is because of the keratin layer on
the surface of the epithelium. Compared with nonke-
ratinized tissue, the keratin layer scatters some of the
incoming excitation light and reduces the depth of
penetration. This results in an NADH contribution
that is relatively higher than that of collagen. Keratin
fluorescence also might contribute to the spectrum;
however, a distinct spectrum for this biochemical was
not required to describe the intrinsic tissue fluores-
cence accurately.

The increased cell and metabolic activity associ-
ated with the progression of neoplastic disease leads
to an increase in NADH fluorescence. In addition,
because of the thickening of the epithelium, less exci-

<

FIGURE 6. (&) Reflectance spectrum of normal oral mucosa (thick line) with
model fit (thin line). (B) Linear fit (thin line) to the reduced scattering coefficient
(thick line) extracted from Panel A. (C, D) Slopes and intercepts of linear fits to
the reduced scattering coefficients of tissue reflectance spectra. (C) Nonkera-
tinized and (D) keratinized epithelium. The solid line separates normal from
abnormal tissue and the dotted line separates dysplasic from cancerous tissue.
nm: nanometers; darkly shaded diamond: normal; shaded triangle: mild dys-
plasia; shaded circle: moderate dysplasia; lightly shaded diamond: severe
dysplasia; open square: cancerous tissue; solid circle: inflammation; X: hyper-
keratosis.
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tation light can reach the underlying collagen net-
work. It also has been shown that collagenase en-
zymes responsible for the degradation of collagen
usually are present in tissue areas undergoing signifi-
cant architectural changes.*” Differences in the levels
and expression of MMPs were found between normal
squamous oral tissue and HNSCC.*® These are be-
lieved to be the reasons why NADH and collagen
contributions to the tissue fluorescence spectrum
changed markedly with progression of disease, which
also was observed previously in Barrett esophagus and
the cervix.'®!? Some of the cancerous and dysplastic
specimens demonstrated parakeratotic and orthok-
eratotic features (clinical impression: leukoplakia) on
the histology slide and still were classified correctly by
spectroscopy. Future studies will be needed to estab-
lish how the thickness of the keratin layer affects our
capability to detect dysplastic changes beneath it. The
layered structure of squamous mucosa did not appear
to affect the fluorescence line shape as much as the
reflectance spectra, which might be because of the
much larger bandwidth of the reflectance.

The spectral changes produced by structural and
biochemical changes in the epithelium and the sub-
epithelial collagen network also are noted in the re-
flectance spectra. Small differences were discovered
between keratinized and nonkeratinized tissue sites,
and even between buccal mucosa and the floor of the
mouth, in which the latter was found to exhibit slightly
greater scattering. Decreased scattering of buccal tis-
sue may be the result of the increased thickness of its
epithelium, making it harder for light to reach the
collagen fibers (major scatterers) in the lamina propria
and underlying stroma. However, in the masticatory
tissue, the increased scattering might be the result of
the surface keratin layer and the dense collagen fiber
network in the lamina propria. This keratin layer may
even increase further and develop into hyperkeratosis
(clinical impression: leukoplakia). The hyperkeratotic
lesion appears white to the examining physician be-
cause of the increased scattering by the thickened
keratin layer hindering the light from reaching the
deeper vascular layers. Despite all these morphologic
and biochemical variations, we still were able to ob-
serve scattering changes resulting from dysplasia and
carcinoma. The decrease in the scattering coefficient
may be explained by thickening of the epithelium and
a slow destruction of collagen cross-links by MMPs.

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. The

enlargement and variations in cell nuclear size are
because of the increase in the mean and variance of
nuclear DNA content, produced by errors in the mi-
totic process that lead to aneuploidy (additional frag-
ments of often broken copies of gene segments in the
nucleus).? This is consistent with the finding of Sudbo
et al.* that dysplastic lesions (clinically diagnosed as
leukoplakia) with aneuploidy have a high probability
(84%) of developing into HNSCC. Previously, we found
that nuclear crowding also is a good parameter for
detecting dysplastic lesions in the oral cavity.'® We
observed the same trend in this data set. However, we
found that nuclear size standard deviation is a better
diagnostic parameter than crowding.

Because LSS is sensitive to singly scattered light,
the information obtained is limited to the epithelium,
which complements the information from deeper tis-
sue layers obtained with DRS. The direct backscatter-
ing 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. However,
because of the small LSS signal (2-5% of the overall
reflectance signal), good data quality and agreement
with the diffuse reflectance model fit is required for a
reliable LSS analysis, which could not be achieved in
all cases in the current study.

The utilization of all three techniques for tissue
characterization provides several types of information:
biochemical, stromal scattering/absorption, and size
distribution of the epithelial nuclei. By combining the
biochemical and morphologic information of tissues
extracted from IFS, DRS, and LSS, we achieve a more
sensitive and specific diagnosis. The lower sensitivity
and specificity for distinguishing between dysplasia
and malignancy may be a reflection of the increased
structural and biochemical variability of tumor tissue
in general. Necrotic tumors, for example, may be com-
prised of cells that are terminally apoptotic or dead
and disintegrating. In addition, some dysplasia spec-
tra were obtained at the margin of the tumor so that
registration of the 1-mm spectroscopically probed tis-
sue spot and the 2-3-mm biopsy might have not been
optimal. We also noted that the histopathology results,
which were used as the standard, are themselves sub-
ject to strong intraexaminer and interexaminer varia-
tions.*® However, distinguishing carcinoma from nor-
mal tissue appeared to present no problems, and
resulted in correct classification of all tissue sites. Be-
cause some of the LSS data points could not be ana-
lyzed, we could not obtain a consensus diagnosis
(TMS) for all data points and had to exclude those for
which the IFS diagnosis did not agree with the DRS
diagnosis. Several published studies have reported a
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good separation between cancerous and normal tissue
but to our knowledge none have attempted to distin-
guish between cancerous and dysplastic tissue.'>®3¢
The good results we have obtained with our spectro-
scopic techniques suggest 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 of the oral cavity to extract
quantitative biochemical and morphologic features
associated with carcinoma progression. Thus, comple-
mentary structural and biochemical information was
extracted from a macroscopic tissue sample of ap-
proximately 1 mm?® in dimension. Some of these mor-
phologic features are customarily employed qualita-
tively 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.

Conclusions

The rich source of information and diagnostic poten-
tial provided by noninvasive spectroscopic techniques
allows us to understand more fully the changes that
take place during the onset and progression of neo-
plasia. The results of the current study demonstrated
that NADH-collagen changes have excellent diagnos-
tic potential. Tissue hemoglobin concentration and
changes in stromal morphology are extracted from the
diffuse reflectance. Additional morphologic informa-
tion regarding epithelial cell nuclei is contained in the
light scattering spectra. All tissue biochemical and
structural information in the current study was ob-
tained in vivo without the use of exogenous dyes, and
without the introduction of artifacts due to tissue re-
moval and processing. Finally, use of the 3 spectro-
scopic techniques together resulted in a sensitivity of
96% and a specificity of 96% in distinguishing normal
from abnormal tissue and a sensitivity of 64% and a
specificity of 90% in distinguishing cancerous from
dysplastic tissue.

The results of the current study advances our un-
derstanding of the progression from normal to dys-
plastic to cancerous tissue. Currently, we are working
on extending our analysis to real time, which will
provide biopsy guidance to the physician during early
screening for malignancy and will allow for the detec-
tion of tumor margins in the operating room.
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