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1 Introduction

Abstract. A Monte Carlo model with site-specific input is used to
predict depth-resolved fluorescence spectra from individual normal,
inflammatory, and neoplastic oral sites. Our goal in developing this
model is to provide a computational tool to study how the morpho-
logical characteristics of the tissue affect clinically measured spectra.
Tissue samples from the measured sites are imaged using fluorescence
confocal microscopy; autofluorescence patterns are measured as a
function of depth and tissue sublayer for each individual site. These
fluorescence distributions are used as input to the Monte Carlo model
to generate predictions of fluorescence spectra, which are compared
to clinically measured spectra on a site-by-site basis. A lower fluores-
cence intensity and longer peak emission wavelength observed in
clinical spectra from dysplastic and cancerous sites are found to be
associated with a decrease in measured fluorescence originating from
the stroma or deeper fibrous regions, and an increase in the measured
fraction of photons originating from the epithelium or superficial tis-
sue layers. The simulation approach described here can be used to
suggest an optical probe design that samples fluorescence at a depth
that gives optimal separation in the spectral signal measured for be-
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fluorescence properties of keratinized and nonkeratinized ana-
tomic sites in the oral mucosa differ substantially.® Diagnostic

A number of small clinical studies have shown that fluores-
cence spectroscopy can diagnose oral neoplasia with sensitiv-
ity and specificity in the range 80 to 100%." Clinical data
indicate that neoplastic progression in the oral cavity is asso-
ciated with a number of characteristic spectral changes, in-
cluding a drop in fluorescence intensity and a shift in peak
fluorescence emission to longer wavelengths. These trends are
thought to be caused by a series of physiological changes that
accompany neoplastic progression in oral mucosa, such as
increased light scattering and metabolic activity of cells
throughout the epithelium, angiogenesis, and the remodeling
of the stromal matrix.

While the pilot studies reported in Refs. 1-5 show prom-
ise, two factors are believed to limit the performance of spec-
troscopic algorithms for detection of oral neoplasia. First, the
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algorithms must therefore account for variations in the degree
of epithelial keratinization; different algorithms may be re-
quired to identify precancerous lesions arising in different
anatomic sites such as the keratinized gingiva and the non-
keratinized buccal mucosa. Second, the spectra of lesions with
benign inflammatory changes can mimic those of oral prema-
lignant lesions, reducing diagnostic specificity.” A recent
study used high-resolution autofluorescence confocal micros-
copy of fresh oral biopsies to investigate the biological basis
for optical spectroscopy as a diagnostic aid for oral neoplasia
and to help devise strategies to address these limitations.® Pre-
cancerous tissues showed a loss of stromal autofluorescence
and increased epithelial cell fluorescence compared to normal
tissue; in contrast, lesions with chronic inflammation showed
epithelial fluorescence similar to normal tissue, but exhibited
a similar loss of stromal autofluorescence as lesions diagnosed
with dysplasia.6 Thus, optical spectroscopy devices that sepa-
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rately record signals from the epithelium and stroma may im-
prove the ability to distinguish benign inflammation from dys-
plasia.

Improving the accuracy of fluorescence spectroscopy re-
quires a detailed understanding of how changes in the mor-
phology and biochemistry of a specific oral tissue site affect
measured autofluorescence spectra. This understanding must
include variations that occur with anatomic location, benign
inflammation, and neoplasia. Monte Carlo modeling of light
propagation in tissue can be an important tool to investigate
the relationship between the optical properties of tissue and
the resulting fluorescence emission spectrum.

Monte-Carlo-based models have been used to study light
propagation in multilayered tissue to investigate the effect of
changes in optical properties on predicted spectra in several
organ sites.®™"" We designed a Monte Carlo model to predict
fluorescence spectra of normal and neoplastic oral mucosa;
this model incorporated a three-dimensional distribution of
fluorescent sources determined by high-resolution fluores-
cence microscopy.12 We used this model to predict depth-
resolved fluorescence spectra from normal and dysplastic oral
mucosa.'? The model was validated by simulating average
normal and dysplastic fluorescence spectra and comparing the
predictions to average clinical data. Spectra of neoplastic tis-
sue predicted using Monte Carlo analysis had a lower inten-
sity and a longer peak emission wavelength than those pre-
dicted for normal oral mucosa; these predictions are
consistent with changes observed in the average spectra mea-
sured from normal and neoplastic oral mucosa.

However, sensitivity analysis of Monte Carlo predictions
suggests that results of the depth-sensitive Monte Carlo model
are sensitive to changes in the optical properties of the epithe-
lium and the superficial stroma.'? Small changes in the total
epithelial thickness, epithelial keratinization, and fluorescence
intensity of the superficial stroma can lead to significant
changes in the shape and intensity of predicted spectra. Thus,
while Monte Carlo predictions of spectra of normal and neo-
plastic oral tissue agree with average clinical data, it has been
difficult to assess whether Monte Carlo models can accurately
predict the spectrum of a particular tissue site, given informa-
tion about the three-dimensional distribution of chromophores
within that particular tissue.

The goal of this study was to evaluate the ability of a
Monte Carlo model with site-specific input properties to pre-
dict individual depth-resolved spectra from normal, inflam-
matory, and neoplastic oral mucosa. Fluorescence spectra
were measured in vivo from clinically normal and abnormal
sites in the oral mucosa. Measured sites were biopsied, and
high resolution fluorescence confocal microscopy was used to
record the autofluorescence patterns as a function of depth at
each individual site. These fluorescence distributions were
used as input to the Monte Carlo model to predict tissue fluo-
rescence spectra at each individual site. Predicted spectra
were compared to measured spectra on a site-by-site basis.

The results of the Monte Carlo model were used to eluci-
date possible biological reasons for variations in clinical
depth-resolved spectra measured from normal, inflammatory,
and neoplastic oral tissue. We show that developing an accu-
rate modeling approach to predict site-specific fluorescence
spectra could improve our understanding of how morphologi-
cal and biochemical changes associated with specific benign,
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precancerous, and cancerous conditions influence the shape
and intensity of clinically measured spectra. While validation
of this model requires input obtained from biopsy, once vali-
dated, the model can be used to aid in designing optical in-
strumentation and diagnostic algorithms to noninvasively dis-
tinguish among spectra measured from benign, dysplastic, and
cancerous sites.

2 Methods
2.1 Overview

The study was reviewed and approved by the Institutional
Review Boards at the University of Texas at Austin, the Uni-
versity of Texas M.D. Anderson Cancer Center, and Rice Uni-
versity. Fluorescence spectra were measured in vivo from
clinically normal and abnormal oral sites using a fiber optic
probe that preferentially collects fluorescent light generated in
the epithelium and superficial stroma. Biopsies were obtained
from measured sites, and high resolution fluorescence confo-
cal microscopy was used to record autofluorescence patterns
as a function of depth at each site. Using these site-specific
fluorescence distributions as input to a Monte Carlo model,
we predicted the tissue fluorescence spectrum for each site.
Predicted fluorescence spectra for six oral sites with different
pathological diagnoses and/or anatomical types were com-
pared to the clinical spectra measured at each site.

2.2 Depth-Sensitive Monte Carlo Modeling of
Oral Mucosa

A fixed weight Monte Carlo program was used to simulate the
collection of fluorescence spectra using a fiber optic probe
designed to preferentially collect fluorescence generated in
the epithelium and superficial stroma. The program was de-
signed to account for generation and propagation of fluores-
cent light in multilayered oral tissue. Details regarding the
Monte Carlo code and the depth-sensitive fiber optic probe
geometry have been described previously.12 Briefly, excitation
photons were initially propagated through the tissue using the
scattering coefficient (u,) and absorption coefficient (w,) at
the excitation wavelength according to the layer they are trav-
eling through. A photon has a probability of wu,/(u,+ u,) be-
ing absorbed at a scattering site. If a photon is absorbed by a
fluorophore, an emission photon may be generated and is
propagated according to the w, and u, for the emission wave-
length in the layer in which it is traveling. The photons are
propagated until they reach the surface or are reabsorbed. The
number of photons that reach the surface and are detected by
a detector are calculated. A single simulation output predicts
the fluorescence emission at 350-nm excitation, and consists
of the detected fluorescence intensity (total number of de-
tected fluorescence photons) at emission wavelengths of 400,
420, 440, 450, 460, 480, 500, 520, 540, and 560 nm. Each
simulation was performed with 10% excitation photons. For
each detected photon, the depth at which fluorescence emis-
sion occurred was recorded. The fraction of detected photons
originating in the epithelium and the fraction originating in
the stroma were calculated.
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2.3 Clinical Measurements, Biopsy Collection, and
High Resolution Tissue Imaging

Fluorescence emission spectra at 350-nm excitation were
measured from clinically normal and abnormal sites using a
depth-sensitive fiber optic probe. Detailed descriptions of the
clinical spectroscopic device, the depth-sensitive fiber optic
probe, and procedures for patient recruitment, data acquisi-
tion, calibration, and processing have been reported in Ref. 5.
The optical probe contains four depth channels, each consist-
ing of a set of illumination and collection fibers arranged in a
geometric configuration designed to preferentially collect
light from a specific depth region in the tissue. The shallow
channel, used to collect the clinical data presented here, uses a
ball lens at the tip of the probe to redirect the angle of the
illumination light such that its intersection with the collection
region is localized to the tissue surface. This enables prefer-
ential collection of signal from the epithelium and superficial
stroma.

Data from six sites in three patients were used to validate
the Monte Carlo model. To explore variations in spectroscopic
data with the presence of benign inflammation and neoplasia,
data were selected from a patient with measurements made
from four sites in the tongue with histologic diagnoses of
normal, inflammation, dysplasia, and cancer. To explore varia-
tions with tissue anatomic sites, measurements were selected
from two additional patients with measurements of normal
palate and normal buccal mucosa. After spectroscopic mea-
surement, each site was biopsied and the tissue sample was
divided into two portions. One portion of each sample was
sent for histologic examination. Transverse 200- um-thick tis-
sue slices were immediately prepared from the second portion
of each sample and imaged with a confocal fluorescence mi-
croscope while the tissue was still viable. Confocal images
were obtained at ultraviolet (UV 350 and 364 nm) excitation
and at 488-nm excitation to determine input parameters to the
Monte Carlo model for that site. Detailed procedures for tis-
sue preparation, confocal imaging, and quantitative analysis
of autofluorescence patterns are described in Ref. 6.

2.4 Tissue Geometry and Model Input Parameters

For normal, inflammatory, and dysplastic sites, tissue was
modeled as a multilayered turbid medium with five sublayers:
superficial epithelium, intermediate epithelium, basal epithe-
lium, superficial stroma, and deep stroma.*'? Each sublayer
was assumed to contain a single dominant fluorophore, char-
acteristic of that sublayer and diagnosis. At each site, the UV
confocal fluorescence images were analyzed to determine the
thickness and average fluorescence intensity of each sublayer.
These values were used as site-specific input to the Monte
Carlo model.

Previous work has shown that the superficial epithelium
includes cells that retain keratin, and the main fluorophore in
this layer was assumed to be keratin.® The primary fluoro-
phore in the intermediate epithelium was assumed to be mi-
tochondrial flavin adenine dinucleotide (FAD).6 The dominant
fluorophore in the basal epithelium was assumed to be mito-
chondrial reduced nicotinamide adenine dinucleotide
(NADH).® For the normal and dysplastic sites, the primary
fluorophores in both the superficial and deep stroma were as-
sumed to be collagen crosslinks." In oral lesions with severe
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stromal inflammation, confocal microscopy studies demon-
strate stromal fluorescence that appears to originate from in-
flammatory cells with strong cytoplasmic fluorescence at UV
excitation. Thus for the inflammatory site considered in this
study, the dominant stromal fluorophore was assumed to be
mitochondrial NADH.

The site diagnosed as invasive cancer was modeled using a
different tissue geometry, because the normal structure is lost
with invasion. This site was modeled as a turbid medium with
cellular and fibrous layers. The geometry was derived from
visual examination of the confocal images obtained from the
measured site. Five sublayers were defined: cellular region 1,
with dominant keratin fluorescence and optical properties
similar to noncancerous superficial epithelium; cellular region
2, with weak cytoplasmic fluorescence from FAD; cellular
region 3, with bright cytoplasmic fluorescence from NADH,;
matrix region 1, with dominant NADH fluorescence associ-
ated with a significant cellular component consisting of can-
cer, inflammatory, and atypical cells; and matrix region 2, a
fibrous region with collagen as the primary fluorophore and
optical properties similar to those of noncancerous deep
stroma.

The scattering coefficients of the epithelial and stromal
layers were obtained from previous studies of oral, cervical,
and bronchial tissue. The values of the scattering coefficients
at 350 nm and absorption coefficients at 420 nm are summa-
rized in Table 1. The scattering coefficient of the intermediate
and basal epithelium was derived from reflectance confocal
images of normal, dysplastic, and cancerous nonkeratinized
oral epithelium.14 The scattering coefficient of the superficial
epithelium in all oral sites considered in this study was de-
rived from reflectance confocal measurements of cervical
keratinized epithelium." In normal oral tissue, the scattering
coefficients for the superficial and deep stromal layers were
assumed to be the same and were based on values from Ref.
16. To accurately model the drop in stromal scattering asso-
ciated with oral dysplasia, the scattering coefficient in the
superficial stroma in the dysplastic case was decreased by
20%." Scattering coefficients obtained from the literature
were extrapolated to lower wavelengths using the inverse pro-
portionality relationship of cellular scattering to wavelength.'®

The absorption coefficient for the epithelium was assumed
to be constant for all sites considered in this study and was
based on values derived in Ref. 16. The stromal absorption
coefficient used in this model has contributions from three
different absorbers: collagen, oxyhemoglobin, and deoxyhe-
moglobin. The collagen absorption coefficient was based on
measurements from bloodless skin samples.19 The oxy- and
deoxyhemoglobin absorption coefficients were calculated as
described by Jacques.20 An oxygen saturation level of 80%
and a hemoglobin concentration of 150 g/1 were used.

For the normal tongue site and the dysplastic tongue site,
the volume fraction of blood in the stroma was determined
from quantitative analysis of images from hematoxylin and
eosin (HE) stained slides from that specific site. HE images of
these sites were analyzed to estimate the fraction of the total
stromal area occupied by blood. The estimated value included
areas occupied by the lumen of blood vessels. The volume
fraction of blood in the superficial stromal layer of the normal
tongue site was estimated to be in the range 0.05 to 0.1%,
while the value for deep stroma was in the range 0.2 to 0.3%.
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Table 1 Scattering and absorption coefficients for each oral tissue site and sublayer. Values were used as

input to the Monte Carlo model.

Severe Mild
Normal inflamm. dysplasia buccal Normal
tongue (fongue) (fongue) mucosa palate

Normal
Cancer
(tongue)

Superficial epithelium

us (cm=1) at 350 nm 204 204 204

ma (em=1) at 420 nm 3 3

Intermediate epithelium

us (cm=1) at 350 nm 66 66 66

ma (em=1) at 420 nm 3 3

Basal epithelium

us (cm=1) at 350 nm 66 66 95

ma (ecm=1) at 420 nm 3 3

Superficial stroma

us (cm=1) at 350 nm 320 320 256

pa (ecm=1) at 420 nm  6.22 6.22 6.4

Deep stroma

us (cm=1) at 350 nm 320 320 320

pa (ecm=1) at 420 nm  21.5 21.5 21.5

Cellular region 1

204 204  us (cm-1) at 350 nm 204
3 3 pa (cm=1) at 420 nm 3
Cellular region 2
66 66  us (cm-1) at 350 nm 66
3 3 pa (cm=1) at 420 nm 3
Cellular region 3
66 66  us (cm-1) at 350 nm 121
3 3 pa (cm=1) at 420 nm 3
Matrix region 1
320 320 s (cm=1) at 350 nm 160

6.22 6.22 pa(ecm-1)at 420 nm 21.5

Matrix region 2
320 320 s (cm=1) at 350 nm 160

21.5 21.5 pa(em-1)at 420 nm 21.5

The superficial stromal layer underlying the epithelium in the
dysplastic tongue site was estimated to have a volume fraction
of blood in the range 0.10 to 0.20%, while the value for deep
stroma was similar to that of the normal case. The values
obtained for the normal tongue site were used for the other
normal sites as well. For the cancer site and the inflammatory
site, the volume fraction of blood in the stroma was estimated
based on information from the literature. For the cancer site,
the volume fraction of blood was estimated as four times
higher than that of normal tissue, based on previous research
indicating that the microvessel density of oral cancers is about
three to four times higher than in normal oral tissue.”' For the
inflammatory site, the volume fraction of blood was estimated
to be similar to the blood volume fraction of normal tissue.

3 Results

3.1 Site-Specific Spectral Changes Caused by
Neoplastic Progression in Oral Mucosa

Figure 1 shows confocal fluorescence images and measured
clinical spectra obtained at UV excitation from four different
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sites on the tongue of a single patient. One of the four sites
was clinically and histologically normal. The other three sites
were oral lesions that were diagnosed histologically as inflam-
mation, dysplasia, and cancer, respectively. The normal oral
tissue is characterized by strong epithelial and stromal autof-
luorescence [Fig. 1(a)]. In contrast, the oral lesion diagnosed
with severe inflammation displays a large drop in both epithe-
lial and stromal fluorescence [Fig. 1(b)]. In addition, while
stromal fluorescence in the normal tissue originates from col-
lagen fibers, fluorescence from the inflammatory stroma origi-
nates predominantly from a large influx of inflammatory cells.
The oral lesion diagnosed with dysplasia is characterized by
increased epithelial thickness, brightly fluorescent cells
throughout the epithelium, and a drop in fluorescence of the
superficial stroma [Fig. 1(c)]. Confocal images of a malignant
lesion diagnosed with moderately differentiated cancer [Fig-
ure 1(d)] illustrate the loss of layered architecture typical for
cancers. In this example, the superficial 400 wm of the tissue
are occupied by cancer cells; underneath is a region of matrix
infiltrated by cancer and inflammatory cells.
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Fig. 1 (a) to (d) Fluorescence confocal images and (e) measured fluorescence spectra at UV excitation, showing neoplastic progression in the
tongue. (a) Normal tongue; (b) normal tongue with severe stromal inflammation; (c) focal mild dysplasia; and (d) moderately differentiated cancer.
In (a), (b), and (c), the white lines represent the basement membrane and the yellow lines represent the tissue surface. Scale bars represent 200 um.
(e) Fluorescence spectra at 350-nm excitation, measured from the same oral sites shown in the confocal images. Images (b) and (c) are reproduced

from Ref. 6 with permission.

Clinically measured emission spectra at 350-nm excitation
from the four oral sites are displayed in Fig. 1(e). The data
illustrate the characteristic drop in overall intensity associated
with neoplastic progression in oral mucosa. Spectra from the
dysplastic and cancerous sites also have lower relative emis-
sion intensity in the 400- to 430-nm wavelength region, giv-
ing them a different spectral shape compared to the normal
case. The spectrum from the inflammatory site displays both a
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drop in fluorescence intensity and a shift to a longer peak
emission wavelength compared to the normal spectrum.

Table 2 summarizes the site-specific tissue properties that
were derived from the confocal fluorescence images of each
site. At a given site, each of the five tissue sublayers was
assigned a thickness, a dominant fluorophore, and a relative
fluorescence intensity based on quantitative analysis of the
confocal fluorescence images.
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Table 2 Thickness, dominant fluorophore, and relative fluorescence intensity for each oral tissue site
and sublayer. Values were used as input to the Monte Carlo model.

Severe Mild  Normal

Normal inflamm. dysplasia buccal ~ Normal Cancer

tongue (tongue) (fongue) mucosa palate (tongue)
Superficial epithelium Cellular region 1
Thickness (um) 80 80 111 40 90  Thickness (um) 95
Fluorophore keratin  keratin  keratin  keratin  keratin  Fluorophore keratin
Relative intensity 0.12 0.12 0.3 0.12 0.9  Relative intensity ~ 0.11
Intermediate epithelium Cellular region 2
Thickness (xm) 80 120 70 100 90  Thickness (um) 100
Fluorophore FAD FAD FAD FAD FAD  Fluorophore FAD
Relative intensity 0.26 0.17 0.4 0.22 0.16  Relative intensity ~ 0.22
Basal epithelium Cellular region 3
Thickness (xm) 120 100 277 130 85  Thickness (um) 200
Fluorophore NADH NADH NADH NADH NADH Fluorophore NADH
Relative intensity 0.8 0.15 0.8 0.74 0.35  Relative intensity 0.4
Superficial stroma Matrix region 1
Thickness (xm) 125 125 125 125 125 Thickness (um) 300
Fluorophore collagen NADH collagen collagen collagen Fluorophore NADH
Relative intensity 0.86 0.15 0.3 0.88 0.7  Relative intensity 0.2
Deep stroma Matrix region 2
Thickness (um) 20,000 20,000 20,000 20,000 20,000 Thickness (um) 20,000
Fluorophore collagen NADH  collagen collagen collagen Fluorophore collagen
Relative intensity 0.86 0.15 0.7 0.9 0.7  Relative intensity 0.2

Depth-resolved spectra for all tissue sites were simulated
with the Monte-Carlo-based model at 350-nm excitation us-
ing the input values shown in Tables 1 and 2. Figure 2 com-
pares the predicted spectra to the clinically measured spectra
of the four tongue sites. The simulated spectra accurately pre-
dict the drop in fluorescence intensity and changes in spectral
shape displayed in this example of neoplastic progression in
oral mucosa [Figs. 2(a)-2(d)].

The fraction of photons originating from the epithelium
and the fraction originating from the stroma were calculated
for each simulation [Figs. 2(e)-2(h)]. (In the normal case [Fig.
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2(e)], the detected fluorescence includes both a significant
epithelial and stromal component. For example, at 450-nm,
the fraction of photons originating from the epithelium is ap-
proximately equal to the fraction of photons originating from
the stroma, and the stromal contribution dominates the total
fluorescence in the 400- to 420-nm region. With the presence
of inflammation [Fig. 2(f)], the fraction of photons originating
from the stroma substantially drops, while the fraction of epi-
thelial photons increases. It should be noted that the decreased
fraction of stromal photons is due to a large reduction in fluo-
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Fig. 2 Comparison of Monte Carlo model predictions with clinical fluorescence spectra measured from four oral tongue sites in the same patient.
Clinical data and predictions at 350-nm excitation from (a) normal tongue, (b) normal tongue with severe inflammation, (c) focal mild dysplasia,
and (d) moderately differentiated cancer. Bar graphs showing the predicted fraction of detected photons originating from the epithelium and the
stroma for the (e) normal, (f) inflammatory, and (g) dysplastic simulations. (h) Bar graph showing the predicted fraction of detected photons
originating from the cellular region (upper 400 um, labeled as epithelium on the bar graph) and the deeper fibrous regions (labeled as stroma on

the bar graph) for the cancer simulation.

rescence originating from the stroma and not due to an in-
crease in fluorescence originating from the epithelium. Thus
the overall intensity of the predicted spectrum from the in-
flammation site is very low compared to the simulations from
normal tissue. In the dysplastic tissue sample [Fig. 2(g)], the
fraction of photons originating from the epithelium is very
high for all emission wavelengths. Here, the high fraction of
epithelial photons is due to a very large reduction of stromal
fluorescence and a significant increase of epithelial fluores-
cence compared to the normal case. As a result, the overall
fluorescence intensity of the simulated dysplastic spectrum is
lower than the normal case but not as low as in the inflam-
mation case. Thus, while both the dysplastic and inflamma-
tory lesions show a drop in stromal fluorescence, the overall
fluorescence intensity and fraction of epithelial photons of the
dysplastic tissue are greater than that of the inflammatory tis-
sue due to the increase in fluorescence originating from the
dysplastic epithelium. In the cancerous tissue case [Fig. 2(h)],
the fraction of fluorescence from the deep fibrous region is
extremely low, and the overall fluorescence intensity is low as
well. This is due to sharply reduced fluorescence from the
deeper matrix region and slightly reduced fluorescence from
the upper cellular regions of the cancer lesion relative to the
analogous regions in normal tissue.

3.2 Site-Specific Spectral Changes Caused by
Variations in Keratinization

Figure 3 shows high resolution confocal images of normal
oral mucosa taken from two different anatomic sites that dis-
play different epithelial fluorescence patterns. The normal
buccal site [Fig. 3(a)] is characterized by a weakly fluorescent
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superficial layer, while the normal palate site [Fig. 3(b)] dis-
plays a brightly fluorescent superficial epithelium. Clinical
fluorescence spectra at 350-nm excitation measured from
both sites are displayed in Fig. 3(c).

Figure 4 compares the Monte Carlo predictions to the
clinically measured spectra of the normal buccal mucosa and
normal palate sites. The fluorescence spectrum of the palate
site has greater intensity and is blue shifted relative to the
spectrum measured from the buccal site. These trends are ac-
curately predicted by the model [Figs. 4(a) and 4(b)]. Predic-
tions for the buccal mucosa site are within 10% of the mea-
sured spectra. However, the predicted intensity of the palate
site is lower than that measured in vivo, possibly due to ex-
perimental error in estimating the thickness of the superficial
epithelial layer. Previous model sensitivity analysis performed
with the depth-sensitive Monte Carlo model has shown that
even variations of 50 um in the thickness of the superficial
layer can result in a noticeable effect on the total intensity of
the prediction.12 The estimated thickness of the strongly fluo-
rescent keratin layer from the confocal images has a large
standard deviation, which could explain the difference in in-
tensity between the simulated and clinical spectra.

Figure 4 also summarizes the fraction of photons originat-
ing from the epithelium and the stroma derived from depth
analysis of the simulated spectra. The buccal mucosa has a
large fraction of photons originating from the stroma [Fig.
4(c)], compared to the palate site [Fig. 4(d)]. Here, the larger
fraction of epithelial photons can be attributed mainly to in-
creased fluorescence from the epithelial layer of the palate
site. Additional analysis (data not shown) indicates that the
increased epithelial fluorescence originates from the superfi-
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Fig. 3 (a) and (b) Fluorescence confocal images and (c) measured
fluorescence spectra at UV excitation, showing changes in autofluo-
rescence patterns due to anatomic site variation. (a) Normal buccal
mucosa; and (b) normal palate. In (a) and (b), the white lines repre-
sent the basement membrane and the yellow lines represent the tissue
surface. Scale bars represent 200 um. (c) Fluorescence spectra at
350-nm excitation, measured from the same oral sites shown in the
confocal images.

cial, keratinized region of the epithelium in the palate site. We
suggest that the presence of a brightly fluorescent keratin
layer in the palate site increases the fluorescence originating
from the superficial epithelium compared to the buccal site,
which accounts for the higher intensity of the palate spectrum
compared to the buccal spectrum. The increased contribution
from keratin also affects the spectral shape of the fluorescence
from the palate site. The measured spectrum of the palate site
shows similarities to the emission spectrum of keratin, which
displays a peak at 420 nm."

4 Discussion

Our results demonstrate that a Monte Carlo modeling ap-
proach with site-specific tissue parameters measured using
confocal fluorescence microscopy can predict variations in
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Fig. 4 Comparison of Monte Carlo model predictions with clinical
fluorescence spectra measured at different anatomic sites in the oral
cavity. Clinical data and predictions at 350-nm excitation from (a)
normal buccal mucosa and (b) normal palate. Bar graphs showing the
predicted fraction of detected photons originating from the epithelium
and stroma for (c) normal buccal mucosa and (d) normal palate.

clinically measured fluorescence spectra of oral tissue. Fur-
ther, the model shows how specific morphological and bio-
chemical differences among anatomic sites and disease states
can affect the fluorescence signal.

The output of Monte-Carlo-based models is dependent on
the input parameters and geometry used to represent the tissue
of interest. Multilayered Monte Carlo models tend to have a
large number of input parameters and may produce similar
outputs with different sets of parameters. Some of these pre-
dictions, while agreeing well with clinical data, could be
physiologically unrealistic. The use of experimentally derived
site-specific input parameters can improve the biological va-
lidity of the Monte-Carlo-based predictions. The approach de-
scribed in this study enables the prediction of spectra using
optical characteristics specific for the tissue site of interest,
rather than using general tissue properties for a given ana-
tomic site and disease status. This brings the model closer to
representing the actual tissue that produced the measured
spectra. In addition, it allows for a more accurate analysis of
the relationship between alterations in optical properties of a
specific oral lesion and the fluorescence spectra measured
from that lesion. This approach is useful primarily for explor-
ing the origins of autofluorescence in normal and abnormal
tissue; it depends, of course, on the availability of a tissue
sample from the measured site.

The site-specific Monte Carlo model accurately predicted
the general trends in fluorescence intensity and spectral shape
observed in the clinical data from the six sites analyzed in this
study (Figs. 2 and 4). Agreement between the predicted and
measured spectra was closest for the nonkeratinized oral sites
with layered morphology: the normal and dysplastic tongue
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sites and the normal buccal mucosa. The prediction was
slightly less accurate for the keratinized site (normal palate)
and for the lesions diagnosed with inflammation and cancer.
Determination of accurate tissue geometry from confocal im-
ages is more difficult for cases with large local differences in
morphology, such as the cancer lesion, or in cases with varia-
tions in the thickness of a strongly fluorescent superficial epi-
thelium, such as the palate site. Thus, spectra from keratinized
or cancerous sites may be more challenging to predict accu-
rately using this model than spectra from nonkeratinized sites
with layered morphology.

In this study, variations were observed in the spectra mea-
sured from normal tissue at different anatomic sites. Analysis
of the site-specific predictions shows that the origins of the
detected autofluorescence are different in the nonkeratinized
and keratinized sites. For the nonkeratinized normal sites
(buccal mucosa and tongue), the measured signal was attrib-
uted to a combination of stromal fluorescence and epithelial
fluorescence. For the keratinized normal site (palate), the blue
shift and increase in overall fluorescence intensity were attrib-
uted to a significant increase in the contribution of photons
originating from the superficial keratinized layer to the total
detected signal.

These observations are consistent with reports in the litera-
ture that superficial epithelium in oral mucosa can vary sig-
nificantly in the degree of keratinization depending on the
anatomic site, and that these variations significantly affect au-
tofluorescence spectra. Muller et al. reported differences in
fluorescence spectra measured in vivo from keratinized and
nonkeratinized oral mucosa,2 related to a reduction in the
depth of penetration of excitation light due to scattering from
the keratin layer. De Veld et al. reported that the different
degree of keratinization displayed by oral lesions is a factor
that complicates accurate differentiation of benign from ma-
lignant oral lesions using autofluorescence spectroscopy.’

The site-specific predictions of the normal, dysplastic, and
cancerous fluorescence spectra displayed a decrease in fluo-
rescence intensity and a shift to longer peak emission wave-
length with neoplastic progression. Analysis of the origin of
predicted fluorescence indicated that the lower fluorescence
intensity seen in the dysplastic and cancerous spectra was due
predominantly to a decreased fluorescence originating from
the stroma or deeper fibrous regions, whereas the spectral red
shift was attributed to an increase in the fraction of photons
originating from the epithelium or superficial cellular layers.
These results were similar to those obtained in a previous
study, in which the depth-dependent Monte Carlo model was
used to predict average normal and dysplastic oral fluores-
cence spectra.12 In addition, results from a mathematical
model analysis for extracting the intrinsic fluorescence spectra
from in-vivo fluorescence spectra from the oral cavity and the
cervix”** confirm that malignant progression is characterized
by an increase in the epithelial contribution and a decrease in
the stromal contribution to the total detected fluorescence.

The Monte Carlo simulations of spectra from the inflam-
matory site and the cancer site are of particular interest, since
inflammation can be a confounding factor in spectroscopic
diagnosis of neoplasia. As shown in Fig. 2, the intensity and
spectral shape of the measured fluorescence spectra are quite
similar for the inflammatory and cancer sites. However, the
origin of the signal is different in the two cases. The fluores-
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cence signals from both the inflammatory and cancer sites are
characterized by low stromal fluorescence and moderately
low epithelial fluorescence relative to normal tissue. The can-
cer site, however, displays a more pronounced drop in stromal
fluorescence compared to the inflammation site. In addition,
the contribution from the cellular regions is higher in the can-
cer site than the epithelial contribution in the inflammatory
site. Thus, while the total predicted fluorescence from the can-
cer site is dominated by epithelial photons, the spectrum from
the inflammatory lesion has a significant stromal component.
While these results are specific for a particular example of
neoplastic progression in the oral tongue, they suggest that
depth-sensitive spectroscopy, with further improvements in
depth resolution and instrumentation to fully isolate the signal
originating from the epithelium and/or stroma, may provide a
potentially useful method to distinguish inflammation from
neoplasia.

In addition to using the model to suggest an optimal depth
to improve differentiation between inflammation and cancer,
similar analysis can be done to improve differentiation be-
tween the varying degrees of dysplasia and cancer. Another
important application for this model is determining whether
different anatomical sites can be grouped together for diagno-
sis, or whether inherent differences such as keratinization
cause the spectra to differ enough so that the classification is
compromised. The model can address this by studying the
spectral effect caused by a keratin layer of varying thickness
compared to the changes cause by neoplastic progression. If
there is a depth at which the spectral signature of the neoplas-
tic progression is independent of the keratin layer, then a de-
vice that measures at that depth would not be sensitive to the
anatomical site keratinization.

The results of this study indicate that a Monte Carlo model
with site-specific input parameters extracted from confocal
images can accurately predict depth-resolved fluorescence
spectra from individual oral sites. The model provides infor-
mation regarding the origin of detected photons within differ-
ent tissue sublayers. This information may be useful in de-
signing strategies to improve the ability of optical
spectroscopy to accurately distinguish among normal, benign,
and malignant oral sites.
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