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Abstract. Fluorescence spectroscopy has shown promise for the de-
tection of precancerous changes in vivo. The epithelial and stromal
layers of tissue have very different optical properties; the albedo is
relatively low in the epithelium and approaches one in the stroma. As
precancer develops, the optical properties of the epithelium and
stroma are altered in markedly different ways: epithelial scattering and
fluorescence increase, and stromal scattering and fluorescence de-
crease. We present an analytical model of the fluorescence spectrum
of a two-layer medium such as epithelial tissue. Our hypothesis is that
accounting for the two different tissue layers will provide increased
diagnostic information when used to analyze tissue fluorescence
spectra measured in vivo. The Beer-Lambert law is used to describe
light propagation in the epithelial layer, while light propagation in the
highly scattering stromal layer is described with diffusion theory. Pre-
dictions of the analytical model are compared to results from Monte
Carlo simulations of light propagation under a range of optical prop-
erties reported for normal and precancerous epithelial tissue. In all
cases, the mean square error between the Monte Carlo simulations
and the analytical model are within 15%. Finally, model predictions
are compared to fluorescence spectra of normal and precancerous
cervical tissue measured in vivo; the lineshape of fluorescence agrees
well in both cases, and the decrease in fluorescence intensity from
normal to precancerous tissue is correctly predicted to within 5%.
Future work will explore the use of this model to extract information
about changes in epithelial and stromal optical properties from clini-
cal measurements and the diagnostic value of these parameters.
© 2004 Society of Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.1695559]

Keywords: fluorescence spectroscopy; cancer diagnosis.

Paper 44016 received Aug. 7, 2003; revised manuscript received Dec. 12, 2003;
accepted for publication Dec. 19, 2003.
t

,

d

n

y

is
r-
ong
the

py,
rvix
s-

n-
ng.
cific
e-
en-

ning
1 Introduction
Each year, an estimated 1,250,000 women are diagnosed wi
abnormal changes in the cervix referred to as squamous in
traepithelial lesions~SIL!. These changes can persist, regress
or progress into cervical cancer. The progression to cance
results in about 370,000 new cases of cervical cancer an
about 190,000 mortalities worldwide each year.1 The early
detection and treatment of precancerous lesions is one of th
most effective tools to prevent cervical cancer.

The value of early detection has been demonstrated i
many settings; current screening programs based on the Pap
nicoloau smear have decreased cancer mortalit
substantially.2,3 In the developed world, current screening pro-
grams have reduced the incidence of invasive cervical cance
by up to 90%.4 However, the current practice of screening is
expensive; more than $6 billion are spent annually in the
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United States detecting and treating low grade SILs. This
prohibitively expensive for the developing world, where ce
vical cancer is the leading cause of cancer death am
women. The sensitivity and specificity of screening using
Papanicoloau are 73 and 63%, respectively.5 A patient with an
abnormal Papanicoloau smear is referred for colposco
where biopsies are taken from suspicious areas of the ce
for histopathologic review. Although the sensitivity of colpo
copy is excellent~96%!, its specificity is poor~48%!.6 The
poor specificity of colposcopy leads to a large number of u
necessary biopsies; this drives the high cost of screeni7

Thus, screening and detection strategies that are more spe
and cost effective will improve the effectiveness of early d
tection in cancer prevention by reducing the costs of scre
ing in the developed world and enabling accessible scree
programs in the developing world.
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Fig. 1 Sources of fluorescence, optical absorption, and scattering in
the cervical tissue.
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Optical technologies have the potential to improve the de
tection of cervical precancer. In particular, fluorescence spec
troscopy has shown promising results in a number of clinica
trials.8–11 The diagnostic value of fluorescence spectroscopy
lies in its sensitivity to various molecular and structural
changes in tissue that accompany the developments from no
mal tissue to cancer. Figure 1 shows various sources of fluo
rescence, optical scattering, and absorption in tissue that a
directly related with such changes. Previous studies show tha
changes in intrinsic tissue fluorescence are closely correlate
with dysplastic progression. Fluorescence from mitochondria
cofactors of reduced nicotinamide adenine dinucleotide
~NADH! and flavin adenine dinucleotide~FAD! in epithelial
cells increases as the cells become dysplastic.12,13 Fluores-
cence from structural protein cross-links in the stromal laye
has also been shown to decrease with dysplasia, possibly d
to the breakdown of the extracellular matrix by dysplastic
cells. Confocal fluorescence microscopy images of fresh tis
sue slices from normal and precancerous cervical biopsie
show how the fluorescence pattern is affected with dysplasti
progression~Fig. 2!.13 In normal tissue, cytoplasmic autofluo-
rescence is limited to the basal layer of epithelial cells,
whereas cytoplasmic fluorescence is observed in about 2/3
the epithelial layer from precancerous tissue. Conversely, im
ages from the stromal layer show that the fluorescence inten
sity from structural proteins decreases with dysplastic pro
gression.

Changes in absorption and scattering properties of tissu
that occur with dysplasia also affect measured tissue fluores
cence spectra, because propagation of excitation and fluore
cent light in tissue is affected by the optical events. For ex-
ample, it has been shown that nuclear changes, such
nuclear atypia, during dysplastic progression increase th
level of light scattering from cells.14–16 Reflectance confocal
microscopy shows that nuclear scattering from abnormal bi
opsies is greater than that from normal biopsies~Fig. 2!.17 In
addition, angiogenesis is an important clinical marker in the
development of precancer and cancer,18 and the resultant in-
crease in stromal hemoglobin concentration contributes to th
increase in light absorption.19

Thus, a number of optical events in tissue are directly re
lated with various molecular and structural changes that ac
company dysplastic progression, and have the potential t
serve as diagnostic markers. It is important to deconvolve th
measured fluorescence spectrum to yield changes in each
these individual parameters before they can be used for diag
nostic purposes. The extraction of optical parameters require
a mathematical model to describe fluorescence in tissue i
512 Journal of Biomedical Optics d May/June 2004 d Vol. 9 No. 3
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terms of these parameters. Measured spectra can then b
eratively fit to this description to yield values of individua
optical parameters.

For the purpose of estimating epithelial and stromal tiss
optical parameters, it is important to develop a mathemat
model to describe the fluorescence of a two-layer mediu
Abnormal changes such as alterations in cellular metaboli
modifications of the extracellular matrix, nuclear atypia, a
angiogenesis affect optical properties of the epithelium a
the stroma differently. For example, epithelial fluorescen
generally increases with dysplasia, whereas stromal fluo
cence decreases. As a result, different aspects of dyspl
progression can be probed by separating the optical par
eters from the two different layers in tissue, resulting in ma
mal diagnostic information content.

A number of mathematical models have been develope
describe fluorescence in tissue using various theories of l
propagation. Monte Carlo simulations are known to gener
accurate results in a multilayered medium. However, a la
number of photon histories have to be simulated to achi
statistical significance, and this approach is not adequate
parameter estimation. Nair et al.20 and Georgakoudi et al.11

developed fluorescence models based on diffusion theory
a photon migration-based approach, respectively. Georg
oudi et al. used a model to describe the reflectance and fl
rescence spectra in terms of the probabilities that a pho
entering tissue would escape afterN scattering events. The
model yields the intrinsic tissue fluorescence, which would
measured in the absence of scattering and reabsorption.
estimated spectra yielded significant diagnostic informat
concerning changes in NADH and collagen intrinsic fluore
cence. However, the models developed by Nair et al.
Georgakoudi et al. describe fluorescence in a one-layer
dium with homogeneous optical properties. As a result,
models cannot separate the optical parameters from the
thelium and the stroma when applied for inverse estimati
Hyde et al.21 developed a fluorescence model based on di
sion theory that accounts for various fluorophore concen
tions within the medium. However, diffusion theory has lim
tations in describing light propagation near the source,22 such
as in the epithelial layer.

We present a mathematical model to describe fluoresce
in a two-layer epithelial tissue. The goal of this model is
provide a tool to analyze clinical fluorescence data from e
thelial tissue to extract and analyze changes in the opt
properties of the epithelium and stroma, which occur w
dysplasia. The model was tested using a set of tissue op
properties identified from the literature for normal and preca
cerous cervix. Results were verified by comparison to Mo
Carlo simulations and to average clinical measurements
cervical fluorescence spectra.

2 Methods
In developing the analytical model, the tissue is considere
be a two-layer medium, consisting of an epithelial layer
thicknessD and a semi-infinite stromal layer. Each of the tw
layers are assumed to be homogeneous with respect to op
properties, such as the scattering coefficient, the absorp
coefficient, and fluorescence efficiency. The light delivery a
collection geometry are set up to simulate a clinical dev
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Fig. 2 Fluorescence confocal images of fresh cervical tissue slices: (a) Cross sectional fluorescence confocal image of the epithelium from a normal
tissue sample,13 (b) cross sectional fluorescence confocal image of the stroma from a normal tissue sample,13 (d) cross sectional fluorescence
confocal image of the epithelium from an abnormal tissue sample,13 and (e) cross sectional fluorescence confocal image of the stroma from an
abnormal tissue sample.13 Fluorescence excitation wavelength was 360 nm, and the yellow line marks the epithelial-stromal boundary. Reflectance
confocal images of: (c) normal and (f) abnormal cervical biopsy specimens.17
Journal of Biomedical Optics d May/June 2004 d Vol. 9 No. 3 513
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Fig. 3 Setup of the fiber optic probe and the tissue geometry.
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currently used for in vivo fluorescence and reflectance
measurements,23 so that the model can be readily applied to
clinical data. A fiber optic probe placed flush to the surface of
the tissue delivers a beam of excitation light and collects fluo
rescence remitted from the tissue surface. The probe consis
of a bundle of optical fibers(NA50.2), in which 25 illumi-
nation fibers and 12 collection fibers are arranged randoml
on a 2-mm-diam, 15-mm-long quartz mixing element. In ef-
fect, the probe illuminates a 2-mm-diam area and has a 0.
numerical aperture~Fig. 3!.

2.1 Two-Layer Analytical Model
The total detected fluorescence from the tissue can be calc
lated as the sum of the contributions from the epithelial and
stromal layers. Within each layer, the model must account fo
the propagation of excitation light, absorption by fluorophores
~specified by the absorption coefficientma f), conversion to
fluorescence~described by the quantum efficiencyf f of the
fluorophore!, and the propagation of the fluorescent light.

The propagation of light at the excitation and emission
wavelengths depends on the total absorption and scatterin
coefficients~specified byma and ms , respectively! and the
angular dependence of the scattering~described by the aniso-
tropy factorg! within each layer. Within the wavelength range
of interest~350 to 650 nm!, these properties are quite different
for the epithelium and the stroma; thus, we have selected tw
different models to describe the propagation of light in these
two layers. In the epithelial layer, the reduced albedoa8
5ms8/(ms81ma) is approximately 0.3 to 0.4 based on values
of the reduced scattering coefficientms85ms•(12g) and the
absorption coefficientma reported in Refs. 24 and 25. At such
range ofa8, light attenuation is accurately described by the
effective attenuation coefficientmeff5@3•ma•(ma1ms8)#

1/2.26

Considering that the mean free path,d51/(ms1ma), for cer-
vical epithelium~approximately 200 to 350mm! is compa-
rable to the epithelial thickness~typically between 200 to 500
mm!,27 light propagation can be approximated using the Beer
Lambert law withmeff .

28 In contrast, the stromal layer exhib-
its a relatively high level of scattering with a reduced albedo
on the order of 0.9 and a mean free path of approximately 3
to 50mm. Under these conditions, diffusion theory provides a
good description of light propagation.29 In both cases, we ex-
amined the validity of using these descriptions of light propa-
gation by comparing the results with Monte Carlo simulations
using the same optical properties.
514 Journal of Biomedical Optics d May/June 2004 d Vol. 9 No. 3
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For simplicity, a one-dimensional geometry is consider
with the direction of light propagation perpendicular to th
tissue surface. When collimated excitation light with intens
I o is incident on the epithelial surface, light intensity is a
tenuated exponentially as the light travels along the opt
axis. Fluorescence is generated isotropically at each so
point, with half traveling toward the tissue surface~in the2z
direction! and half traveling toward the stroma~in the 1z
direction!, as shown in Fig. 4~a!. The resultant fluorescenc
remitted from the tissue surface,Fepi

2 (z50), can be calcu-
lated as in Eq.~1!.

Fepi
2 ~z50!5

1

2 E0

D

I 0• exp@2meff 1~lx!•z#

3 (
k51

N

@ma f1~k!~lx!•f f 1~k!~lx ,lm!#

• exp~2meff 1~lm!•z!dz. ~1!

The subscript 1 for all the optical parameters refers to thos
the epithelium. Stromal optical parameters will be indicat
with a subscript 2. Due to the optical nature of the epitheliu

Fig. 4 One-dimensional model of light propagation in (a) epithelial
layer and (b) stromal layer. The epithelium has thickness D, whereas
the stromal layer is semi-infinite. The optical parameters for each layer
are also labeled.
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Analytical model to describe fluorescence spectra . . .
mentioned before, the fluorescence efficiencies(ma f•f f) are
additive when multiple fluorophores are present. In Eq.~1!,
different fluorophores are denoted with a subscriptk. Fepi

2 (z
50) is in fact hemispherical flux in the1z direction, and the
fraction of this light, which is collected by the fiber optic
probeF1

detected, is approximated as the ratioRNA of the solid
angle subtended by the fiber numerical aperture to hem
spherical collection solid anglep/2.

F1
detected~lx ,lm!5RNA•Fepi

2 ~z50!. ~2!

A portion of the downward directed fluorescence reache
the stroma,
e

t
e
a

x

a

Fepi
1 ~z5D !5

1

2 E0

D

I 0• exp@2meff 1~lx!•z#

3 (
k51

N

@ma f1~k!~lx!•f f 1~k!~lx ,lm!#

• exp@2meff 1~lx!•~D2z!#dz,

where it can be scattered back toward the tissue surface@Fig.
4~a!#. The portion of this fluorescence, which is directed u
ward, Fepi82(z5D), is simply the product ofFepi

1 (z5D) and
the diffuse reflectance of the semi-infinite stromal layer. Us
the 1-D diffusion theory,30 Fepi82(z5D) is given by Eq.~3!:
Fepi82~z5D !5p•@A~lm!1C2~lm!#2
3•ms1~lm!•g2•Fepi

1 ~z5D !14p•@A~lm!•m t2~lm!1C2~lm!•meff 2~lm!#

6•~ma21ms28 !
. ~3!
the
ted

at
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In deriving Eq.~3!, d-Eddington approximation was used to
achieve a better description of the forward scattering phas
function in the stromal layer.29 A(lm) and C2(lm) are the
general and particular solutions of the diffusion equation, and
can be found in Ref. 30. This light is then attenuated as i
travels back through the epithelium to the tissue surface; th
fraction that is detected is again dependent on the numeric
aperture of the fiber optic probe, as in Eq.~4!.

F2
detected~lx ,lm!5RNA•$Fepi82~z5D !

• exp@2meff 1~lm!•D#%. ~4!

Excitation light that reaches the bottom of the epithelium is
given by

I s
1~z5D !5I 0 exp@2meff 1~lx!•D#.

Some of the excitation light incident on the stroma is re-
flected back toward the tissue surface. The backscattered e
citation light I s8

2 , can be calculated using Eq.~3! with stro-
mal optical parameters at the excitation wavelength. As this
light travels back through the epithelium, it can excite addi-
tional epithelial fluorescence@Fig. 4~b!#. The fraction of this
fluorescence that is detected is given by Eq.~5!.

F3
detected~lx ,lm!5RNAE

0

D

I s8
2~z5D !exp@2meff 1~lx!•z#

•(
k51

N

@ma f1~k!~lx!•f f 1~k!~lx ,lm!#

• exp@2meff 1~lm!•~D2z!#dz. ~5!

The excitation light incident on the stroma can excite fluo-
rescence within this layer of the tissue. Using the one-
dimensional diffusion theory to describe the fluorescence in
homogeneous, one-layer medium,31 the stromal fluorescence
remitted at the epithelial-stromal boundaryFstr

2 can be ex-
pressed as in Eq.~6!:
l

-

Fstr
2 ~lx ,lm!5ma f2~lx!•f f 2~lx ,lm!F 4p•A~lx!1I 08

m t2~lx!1meff 2~lm!

1
4p•C2~lx!

meff 2~lx!1meff 2~lm!
GC~lm!, ~6!

where

I 085I 0• exp@2meff 1~lx!•D#,

C~lm!53•@ma2~lm!1ms28 ~lm!#/$3•@ma2~lm!

1ms28 ~lm!#12•meff 2~lm!%,

and

m t2~lx!5ma2~lx!1ms2~lx!.

This fluorescence is attenuated as it travels through
epithelium; the fraction of this fluorescence, which is detec
F4

detected, can be expressed as in Eq.~7!:

F4
detected~lx ,lm!5@RNA•Fstr

2 ~lx ,lm!#

3exp@2meff 1~lm!•D#. ~7!

The total detected fluorescenceF total
detectedcan then be calcu-

lated as the sum of these contributions~Eq. 8!.

F total
detected5F1

detected1F2
detected1F3

detected1F4
detected. ~8!

There are additional, more complex light interactions th
can contribute to the detected fluorescence~e.g., light travels
through the epithelium, is backscattered by the stroma,
generates downward directed fluorescence in the epithel
which is reflected by the epithelial-stromal interface, and
mitted from the tissue surface!. However, comparison with
Monte Carlo simulations shows that these terms are neglig
compared to the terms in Eq.~8!, and therefore they have
been neglected here.
Journal of Biomedical Optics d May/June 2004 d Vol. 9 No. 3 515
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Chang et al.
2.2 Optical Parameters of Tissue
To use the model of Eq.~8! to describe cervical tissue fluo-
rescence, it is necessary to have optical properties that acc
rately describe this type of tissue. Wherever possible, we use
optical properties that had been measured directly from nor
mal and dysplastic cervical tissue. However, when these wer
not available, optical properties were obtained from organ
sites with comparable optical properties. Epithelialms at 810
nm was derived fromin vitro measurements of cervical biop-
sies in Ref. 24 and was extrapolated to lower wavelength
using the inverse proportionality of cellular scattering proper-
ties to wavelength.32 The totalma of the epithelium was de-
rived from in vitro measurements of bronchial tissue.25 The
total ma of the stroma was assumed to consist of two factors
that from hemoglobin and that from collagen. Absorption co-
efficientma of hemoglobin was calculated using its extinction
coefficient33 and the concentration measuredin vivo from ad-
enomatous polyps.19 Absorption coefficientma of collagen
was calculated based on values from bloodless dermis me
surement in neonatal skin.34 Reduced scattering coefficients of
the cervix calculated fromin vivo reflectance measurements
range between 20 cm21 ~at 700 nm! and 35 cm21 ~at 350
nm!.11 However, these values are derived from whole tissue
and are not suitable for describing the scattering properties o
cervical stroma. The scattering coefficient of the submucos
measuredin vitro from bronchial tissue25 lies in a comparable
range, and was used asms of the stromal layer.

Fluorescence emission depends on the absorption coef
cient ma f(lx) and the quantum efficiencyf f(lx ,lm) of the
fluorophores. The most prominent fluorophores in the epithe
lial layer are assumed to be NADH and FAD. Recent studies
show that keratin could also be a significant source of autof
luorescence in the epithelium.13 Most of the stromal fluores-
cence is assumed to be produced by collagen cross-links. It
difficult to calculate the fluorophore absorption coefficients
and quantum efficiencies separately from direct measure
ments; however, it is relatively easy to measure their produc
the fluorescence efficiency(ma f•f f). The spectral shape of
the stromal fluorescence efficiency was based on fluorescen
measurements of a gel of type I collagen;35 that of the epithe-
lium was taken from fluorescence measurements of a suspe
sion of normal cervical epithelial cells made using a Spex
Fluorolog II spectrofluorimeter.35 The relative strengths of the
epithelial and stromal fluorescence efficiencies were based o
fluorescence microscopy measurements from fresh norm
cervical tissue slices.12 Anisotropy factorg for epithelium was
set to 0.97, close to the value measured from immortalize
and tumorigenic mammalian cells.36 A g of 0.8 was used for
the stroma, based on the values reported in Ref. 37. The inde
of refraction of both layers was 1.4, and the fiber optic probe
was index-matched with the tissue. Figure 5 summarizes th
optical parameters from the epithelium and stroma of norma
cervical tissue.

Optical parameters for preneoplastic cervical tissue wer
estimated from available measurements.In vitro confocal
measurements in Ref. 24 show that the average epithelialms

increases approximately by a factor of 3 in abnormal tissue
Dellas showed a three-fold increase in microvessel density i
high grade SIL ~HG-SIL! tissue compared to normal
epithelium:18 thus light absorption due to hemoglobin was es-
516 Journal of Biomedical Optics d May/June 2004 d Vol. 9 No. 3
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timated to increase by a factor of 3 in abnormal tissue. Al
fluorescence confocal microscopy of fresh tissue slices s
gests that the density of collagen fibers decreases in abno
tissue by approximately 1/2,13 affecting light scattering in the
stromal layer. Relative fluorescence efficiencies between
mal and HG-SIL tissue were based on fluorescence mic
copy measurements in Ref. 12. Data collected from HG-S
sites suggest that the epithelial fluorescence increased
about 100%, whereas the stromal fluorescence decrease
about 50% in dysplastic tissue. Absorption of the epitheliu
as well as the anisotropy factor and the index of refract
from both layers, were kept identical to those in normal tiss

2.3 Monte Carlo Simulations
The Monte Carlo technique was used to simulate the pro
gation of excitation and fluorescent light in the tissue, us
the geometry of Fig. 3 and the same optical properties as
the analytical model. Results of the analytic model were co
pared to results using the Monte Carlo approach to determ
whether the approximations made in the analytic model w
appropriate. Excitation photons are delivered in a collima
beam with a uniform profile across the 2-mm-diameter opti
probe. Fixed weight excitation photons undergo a sequenc
scattering events defined by the stepsize and the deflec
angle. At each scattering event, the stepsize and the defle
angle are sampled from a probability distribution based on
mean free pathd and the anisotropy factorg, respectively. The
probability of absorption of the excitation photon at each sc
tering event isma /ma1ms , wherema andms are the absorp-
tion and scattering coefficients of the layer the photon is tr
eling in. In the epithelial layer, light absorption is assumed
be caused mostly by fluorophores. As a result, all the absor
photon weight contributes to fluorescence emission. Howe
in the stromal layer, light absorption is caused by both
fluorophore~collagen cross-links! and the chromophore~he-
moglobin!. The portion of the photon weight absorbed by t
fluorophore is calculated with the factorma,col /ma,col
1ma,Hb, wherema,col andma,Hb arema for collagen and he-
moglobin, respectively. The absorbed photon weight is c
verted to fluorescence photon weight by the quantum e
ciency, which is calculated by dividing the fluorescen
efficiency by the absorption coefficient of the fluorophore.

The fluorescent photon travels with a variable weight,
which ma /ma1ms of the weight is lost at each scatterin
event due to absorption. As in the case of the excitation p
ton, the pathlength and deflection angle at each scatte
event is sampled from the two probability distributions bas
on optical properties at the emission wavelength. The fluo
cent photon is detected when it exits the tissue surface wi
the diameter and the numerical aperture of the fiber op
probe.

To achieve statistical significance, 10 million excitatio
photons were generated for each Monte Carlo simulation
less specified otherwise. Anisotropy factors of the epitheli
(g150.97) and the stroma(g250.8), as well as all other
optical parameters, were set identical to the two-layer ana
cal model. The Heyney-Greenstein function was used as
phase function. The weight of the detected photons was a
mulated to calculate total detected fluorescence. The im
mented Monte Carlo code was verified using the results fr
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Fig. 5 Optical properties of normal and abnormal tissue used in the analytical model and the Monte Carlo simulations to predict fluorescence from
tissue. Optical properties of the epithelium are plotted in black, whereas those of the stroma are plotted in gray: (a) ma of normal tissue, (b) ms of
normal tissue, (c) fluorescence efficiency of normal tissue at 350-nm excitation, (d) ma of abnormal tissue, (e) ms of abnormal tissue, and (f)
fluorescence efficiency of abnormal tissue at 350-nm excitation.
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two-layer simulations in Ref. 38, in which the difference in
the remitted fluorescence between the two models was les
than 1%.

3 Results
Detected fluorescence calculated by the analytical model wa
compared with the results from the Monte Carlo simulations
to validate the model approximations. To compare the result
s

s

of the Monte Carlo simulations and the analytical model
rectly, the same intensity of incident light was used in bo
cases. In the following analysis, we assume that each ph
weight in the Monte Carlo simulations is identical to the un
intensity of light used in the analytical model.

Figure 6~a! shows a one-dimensional profile of the d
tected fluores-cence as a function of the depth inside the ti
where the fluorescent light was generated. Optical proper
Journal of Biomedical Optics d May/June 2004 d Vol. 9 No. 3 517
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Fig. 6 Comparison of detected fluorescence intensity calculated by the analytical model (black) and the Monte Carlo simulations (gray) with
respect to depth of emission in the tissue. (a) Fluorescence originating from both the epithelium and the stroma (F4

detected). The dotted vertical line
shows the epithelial-stromal boundary at 200 mm. In (b), the epithelial fluorescence was broken down into the different sources considered in the
analytical model: solid line for F1

detected , dotted line for F2
detected , and dashed line for F3

detected . The following optical parameters were used:
ma1(lx)54.2 cm21, ms1(lx)550.9 cm21, ma1(lm)52.98 cm21, ms1(lm)542.43 cm21, ma2(lx)514.93 cm21, ms2(lx)5319.5 cm21, ma2(lm)
59.37 cm21, and ms2(lm)5266.25 cm21.
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are from normal tissue at 350-nm excitation and 420-nm
emission, and excitation light intensity of 100 million units
was used. Fluorescence generated within the epithelium
shows good agreement between the analytical model and th
Monte Carlo simulations.

Figure 6~b! provides a comparison of the different compo-
nents,F1

detected, F2
detected, and F3

detected, of detected epithelial
fluorescence as a function of depth inside the epithelium
where the fluorescence was generated. Both the analytic
model and the Monte Carlo simulations show similar trends in
the depth dependence of the origin of the detected fluores
cence. It is interesting to note that the analytical mode
slightly overestimatesF1

detectedandF2
detected, as shown in Fig.

6~b!. This is because the effective attenuation coefficientmeff
used with the Beer-Lambert law slightly underestimates the
attenuation of both the excitation and the emission light in the
epithelial layer. However, Fig. 6~a! shows that the difference
between the two models is small~less than 5%! when the
overall epithelial fluorescence is considered.

In the case of fluorescence originating in the stroma, the
analytical model overestimates the detected fluorescence th
originates near the epithelial-stromal boundary, as shown i
Fig. 6~a!. However, results from the single-layer medium with
stromal optical properties show that diffusion theory underes
timates Monte Carlo simulations by approximately 6%. The
slight underestimation of the diffusion theory when used with
the d-Eddington approximation is also demonstrated in Ref.
29. The difference in stromal fluorescence characteristics be
tween the two-layer model and the single-layer model can b
attributed to the propagation of excitation and emission ligh
through the epithelial layer. As seen in Fig. 6~b!, the attenua-
tion of light in the epithelial layer is slightly underestimated
by meff . As a result, the intensity of the excitation light deliv-
ered to the stromal layer, as well as the stromal fluorescenc
that propagates through the epithelial layer before detection
are overestimated in the analytical model. However, when th
total detected stromal fluorescence is calculated by integratin
518 Journal of Biomedical Optics d May/June 2004 d Vol. 9 No. 3
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the stromal fluorescence shown in Fig. 6~a!, the difference
between the two models is approximately 3%.

The two-layer analytical model was then used to exam
the dependence of detected fluorescence on the optical p
erties of the epithelium and stroma. Results are shown a
function of the optical parameter in Fig. 7, assuming an ex
tation wavelength of 350 nm and an emission wavelength
420 nm. The range of optical parameters was altered to s
the range expected for normal and abnormal cervical tissu
this excitation-emission wavelength combination. Althou
only the optical parameters at the excitation wavelength
shown in thex axis in Fig. 7, the optical parameters at th
emission wavelengths were varied proportionally.

As the epithelial thickness increases from 100 to 500mm,
the detected epithelial fluorescence increases@Fig. 7~a!#. At
the same time, the detected stromal fluorescence decre
because the excitation light traveling to the stroma underg
increased attenuation in the thicker epithelium. The epithe
and stromal fluorescence calculated by the analytical mo
are in good agreement with results of the Monte Carlo sim
lations.

Increasing the epithelial absorption has a similar eff
@Fig. 7~b!#. Increasing the epithelial absorption increases e
thelial fluorescence, since light absorption in the epithelium
assumed to contribute directly to fluorescence emission. H
ever, increased attenuation of light in the epithelial layer
creases detected stromal fluorescence. It is interesting to
that the analytical model slightly underestimates both the e
thelial fluorescence and the stromal fluorescence at relati
high levels of epithelial absorption.

As the epithelial scattering is increased, Monte Carlo sim
lations show a slight increase in epithelial fluorescence@Fig.
7~c!#. However, the Beer-Lambert law used in the analytic
model does not account for this increase, and the epithe
fluorescence calculated by the analytical model slightly
creases with increased epithelial scattering.
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Fig. 7 Effect of various optical parameters on detected fluorescence calculated by the analytical model (black) and the Monte Carlo simulations
(gray). In each figure, the solid lines and the dotted lines show total detected fluorescence and detected fluorescence originating from the
epithelium, respectively, generated by the two models. The following parameters were investigated: (a) epithelial thickness, (b) ma of the epithe-
lium, (c) ms of the epithelium, (d) ma of the stroma, (e) ma of collagen, and (f) ms of the stroma. In each case, the following values were used for the
rest of the optical parameters: epithelial thickness5200 mm, ma1(lx)54.2 cm21, ms1(lx)550.9 cm21, ma1(lm)52.98 cm21, ms1(lm)
542.43 cm21, ma2(lx)514.93 cm21, ms2(lx)5319.5 cm21, ma2(lm)59.37 cm21, and ms2(lm)5266.25 cm21.
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Increasing stromal absorption associated with hemoglobi
reduces the detected stromal fluorescence, as shown in F
7~d!. Similarly, increasing the stromal absorption reduces the
detected epithelial fluorescence fromFepi

1 (z5D), which ini-
.
tially was directed downward. The results of the analytic
model and the Monte Carlo simulations are in good agr
ment throughout the range of the stromal absorption con
ered.
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Stromal absorption is also affected by the fluorophore ab
sorption coefficient in the stroma. Figure 7~e! shows that the
detected stromal fluorescence increases as the fluorophore a
sorption coefficient is increased. At the same time, the de
tected epithelial fluorescence decreases slightly because of t
attenuation ofFepi

1 (z5D) epithelial fluorescence, which is
initially directed downward. Results of the analytical model
show good agreement with the Monte Carlo simulations.

Monte Carlo simulations show that both the detected stro
mal fluorescence and the epithelial fluorescence increas
slightly as stromal scattering increases@Fig. 7~f!#. Increased
stromal scattering increases the diffusion of light at shallow
depths in the stroma, resulting in an increase of stromal fluo
rescence. However, detected stromal fluorescence calculat
by the analytical model remains relatively constant for the
range of stromal scattering shown in Fig. 7~f!.

Fluorescence spectra at 350-nm excitation generated by th
analytical model and the Monte Carlo simulations are plotted
in Fig. 8. In Fig. 8~a!, the optical properties of normal cervical
tissue were used. The analytical model underestimates the ep
thelial fluorescence by approximately 4% and overestimate
the stromal fluorescence by approximately 6%, relative to the
results of the Monte Carlo simulations. The difference be-
tween the total detected fluorescence calculated by the tw
models is approximately 4%. Figure 8~b! compares predic-
tions of the analytic model and Monte Carlo simulations using
the optical properties of HG-SIL at 350-nm excitation. The
discrepancy of the total detected fluorescence between the tw
models is less than 5%.

To compare the spectra predicted from the models with
clinical measurements, average fluorescence spectra measu
at 350-nm excitation are also plotted in Fig. 8. Fluorescenc
emission spectra were measured from 209 normal squamo
cervical sites in 116 patients with the clinical device described
in Ref. 23; the average spectrum is shown as a dashed line
Fig. 8~a!. A linear scaling factor was used to scale the mode
prediction and the clinical measurement to the intensity a
440-nm emission. The line shape of the fluorescence predicte
by the models agrees well with that measured clinically. Fig-
ure 8~b! shows the average spectrum from 45 HG-SIL cervi-
cal sites from 28 patients. The scaling factor from Fig. 8~a!
was applied to the average clinical measurement in Fig. 8~b!.
While the lineshapes of the predicted and measured fluore
cence from HG-SIL agree well, the model underestimates th
average fluorescence measurement from HG-SIL cervical tis
sue by 5 to 20% at emission wavelengths below 550 nm.

4 Discussion and Conclusions
In this study, an analytical model to describe fluorescence in
two-layer medium is developed. Results of the analytica
model are compared with those generated by the Monte Car
simulations to investigate the validity of the model. Under
most optical conditions tested in the study, the Beer-Lamber
law provides a good description of light propagation in the
epithelial layer. Theoretically, the Beer-Lambert law is appli-
cable to media where the albedo is small. Figure 5 shows tha
there is a higher level of scattering than absorption in the
epithelium. However, strong forward scattering in the epithe-
lium reduces the effect of light scattering, and low values of
reduced albedoa8 provides an optical regime favorable for
520 Journal of Biomedical Optics d May/June 2004 d Vol. 9 No. 3
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the Beer-Lambert law. Moreover, the optical parameters
Fig. 5 suggest that the mean free pathd in the epithelium is
approximately 200mm for normal tissue and 70mm for ab-
normal tissue. Considering that the epithelial thickness ty
cally ranges between 100 to 500mm, the number of scattering
events in the epithelial layer is very small, further reduci
the effect of epithelial scattering. Figure 7~c! shows that the
analytical model underestimates the epithelial fluorescence
more than 15% when the reduced albedo is greater than

Comparisons with Monte Carlo simulations show that t
diffusion theory provides a good description of light propag
tion in the stromal layer under the various optical conditio
tested in this study. Although the diffusion theory provides
good description of light propagation in the stromal layer
limitation of the analytical model in describing the strom
fluorescence is due to the fact that the attenuation of the

Fig. 8 Fluorescence spectra calculated using the analytical model
(black) and the Monte Carlo simulations (gray) using optical param-
eters of (a) normal and (b) abnormal tissue. The excitation wavelength
was 350 nm. In each figure, the solid lines and the dotted lines show
total detected fluorescence and detected fluorescence originating
from the epithelium, respectively, generated by the two models. Aver-
age clinical measurement of squamous normal sites and HG-SIL sites
are plotted as gray dashed lines in Figs. 7(a) and 7(b), respectively. The
two clinical measurements were scaled with an identical factor.
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Analytical model to describe fluorescence spectra . . .
citation and the emission light is slightly underestimated in
the epithelial layer. However, in terms of the total detected
fluorescence from the stroma, the difference between the tw
models is about 3%.

The advantage of the analytical model relative to the
Monte-Carlo-based approach is that the analytical model ca
be readily applied to clinical measurements to extract variou
optical parameters of the epithelium and stroma. In inverse
estimation, a set of optical parameters that best fits a math
ematical model to the measured spectra will be determined i
an iterative process. The analytical model presented in thi
work is designed to describe fluorescence measured from
clinical device currently used to measurein vivo fluorescence
spectra. The results described show that the analytical mod
provides a good description of fluorescence for the optica
properties associated with normal and precancerous cervic
epithelium and stroma. Future work will explore the diagnos-
tic performance of classification algorithms based on mode
parameters extracted in this approach.
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