Journal of Biomedical Optics 9(3), 511-522 (May/June 2004)

Analytical model to describe fluorescence spectra
of normal and preneoplastic epithelial tissue:
comparison with Monte Carlo simulations

and clinical measurements

Sung K. Chang
Dizem Arifler
University of Texas at Austin

Department of Biomedical Engineering
Austin, Texas 78712

Rebekah Drezek

Rice University

Department of Bioengineering
Houston, Texas 77005

Michele Follen

University of Texas

M.D. Anderson Cancer Center

Department of Gynecologic Oncology
and

Center for Biomedical Engineering

Houston, Texas 77030

Rebecca Richards-Kortum
University of Texas at Austin
Department of Biomedical Engineering
Austin, Texas 78712

E-mail: kortum@mail.utexas.edu

1 Introduction

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.
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United States detecting and treating low grade SILs. This is

Each year, an estimated 1,250,000 women are diagnosed witHerohibitively expensive for the developing world, where cer-
abnormal changes in the cervix referred to as squamous in-vical cancer is the leading cause of cancer death among
traepithelial lesiongSIL). These changes can persist, regress, women. The sensitivity and specificity of screening using the
or progress into cervical cancer. The progression to cancerPapanicoloau are 73 and 63%, respectivedypatient with an
results in about 370,000 new cases of cervical cancer andabnormal Papanicoloau smear is referred for colposcopy,
about 190,000 mortalities worldwide each yédthe early  where biopsies are taken from suspicious areas of the cervix
detection and treatment of precancerous lesions is one of thefor histopathologic review. Although the sensitivity of colpos-
most effective tools to preven.t cervical cancer. ~ copy is excellent96%), its specificity is poor(48%).5 The

The value of early detection has been demonstrated in nqqr gpecificity of colposcopy leads to a large number of un-
many settings; current screening programs based on the Paloaﬁecessary biopsies; this drives the high cost of screehing.

nicoloau smear have decreased cancer mortality . . . "
. 3 . Thus, screening and detection strategies that are more specific
substantially® In the developed world, current screening pro- ; o .
and cost effective will improve the effectiveness of early de-

grams have reduced the incidence of invasive cervical cancer™ ™ ~=~ _ )
by up to 90%" However, the current practice of screening is tection in cancer prevention by reducing the costs of screen-

expensive; more than $6 billion are spent annually in the ing in the developed world and enabling accessible screening
programs in the developing world.
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nmm.i:; h:ﬁf:r M:i"" terms of these parameters. Measured spectra can then be it-
DHIGIRS.  ROROSG SRR eratively fit to this description to yield values of individual

T optical parameters.

NADH, FAD NADH, FAD o onelles For the purpose of estimating epithelial and stromal tissue
optical parameters, it is important to develop a mathematical

Collagen model to describe the fluorescence of a two-layer medium.

Collagen  crosslinks  Collagen Abnormal changes such as alterations in cellular metabolism,
crosslinks  |1omoglobin  fiDers modifications of the extracellular matrix, nuclear atypia, and

angiogenesis affect optical properties of the epithelium and
Fig. 1 Sources of fluorescence, optical absorption, and scattering in the Stroma dlfferemly'_ For exam.ple' epithelial fluorescence
the cervical tissue. generally increases with dysplasia, whereas stromal fluores-
cence decreases. As a result, different aspects of dysplastic
progression can be probed by separating the optical param-

Optical technologies have the potential to improve the de- eters from the two different layers in tissue, resulting in maxi-
tection of cervical precancer. In particular, fluorescence spec-mal diagnostic information content.
troscopy has shown promising results in a number of clinical A number of mathematical models have been developed to
trials®~** The diagnostic value of fluorescence spectroscopy describe fluorescence in tissue using various theories of light
lies in its sensitivity to various molecular and structural Ppropagation. Monte Carlo simulations are known to generate
changes in tissue that accompany the developments from nor-accurate results in a multilayered medium. However, a large
mal tissue to cancer. Figure 1 shows various sources of fluo-number of photon histories have to be simulated to achieve
rescence, optical scattering, and absorption in tissue that arestatistical significance, and this approach is not adequate for
directly related with such changes. Previous studies show thatparameter estimation. Nair et@l.and Georgakoudi et at.
changes in intrinsic tissue fluorescence are closely correlateddeveloped fluorescence models based on diffusion theory and
with dysplastic progression. Fluorescence from mitochondrial @ photon migration-based approach, respectively. Georgak-
cofactors of reduced nicotinamide adenine dinucleotide oudi et al. used a model to describe the reflectance and fluo-
(NADH) and flavin adenine dinucleotid&AD) in epithelial rescence spectra in terms of the probabilities that a photon
cells increases as the cells become dyspld$titFluores-  entering tissue would escape affsrscattering events. The
cence from structural protein cross-links in the stromal layer model yields the intrinsic tissue fluorescence, which would be
has also been shown to decrease with dysplasia, possibly dugneasured in the absence of scattering and reabsorption. The
to the breakdown of the extracellular matrix by dysplastic estimated spectra yielded significant diagnostic information
cells. Confocal fluorescence microscopy images of fresh tis- concerning changes in NADH and collagen intrinsic fluores-
sue slices from normal and precancerous cervical biopsiescence. However, the models developed by Nair et al. and
show how the fluorescence pattern is affected with dysplastic Georgakoudi et al. describe fluorescence in a one-layer me-
progressior(Fig. 2.2 In normal tissue, cytoplasmic autofluo- ~ dium with homogeneous optical properties. As a result, the
rescence is limited to the basal layer of epithelial cells, models cannot separate the optical parameters from the epi-
whereas cytoplasmic fluorescence is observed in about 2/3 ofthelium and the stroma when applied for inverse estimation.
the epithelial layer from precancerous tissue. Conversely, im- Hyde et af* developed a fluorescence model based on diffu-
ages from the stromal layer show that the fluorescence inten-sion theory that accounts for various fluorophore concentra-
sity from structural proteins decreases with dysplastic pro- tions within the medium. However, diffusion theory has limi-
gression. tations in describing light propagation near the sodéfejch

Changes in absorption and scattering properties of tissueas in the epithelial layer.
that occur with dysplasia also affect measured tissue fluores- We present a mathematical model to describe fluorescence
cence spectra, because propagation of excitation and fluoresin a two-layer epithelial tissue. The goal of this model is to
cent light in tissue is affected by the optical events. For ex- provide a tool to analyze clinical fluorescence data from epi-
ample, it has been shown that nuclear changes, such aghelial tissue to extract and analyze changes in the optical
nuclear atypia, during dysplastic progression increase theproperties of the epithelium and stroma, which occur with
level of light scattering from cell¥'~'° Reflectance confocal ~ dysplasia. The model was tested using a set of tissue optical
microscopy shows that nuclear scattering from abnormal bi- properties identified from the literature for normal and precan-
opsies is greater than that from normal biopsies. 2).17 In cerous cervix. Results were verified by comparison to Monte
addition, angiogenesis is an important clinical marker in the Carlo simulations and to average clinical measurements of
development of precancer and can®eand the resultant in-  cervical fluorescence spectra.
crease in stromal hemoglobin concentration contributes to the
increase in light absorptiof.

Thus, a number of optical events in tissue are directly re- 2 Methods
lated with various molecular and structural changes that ac- In developing the analytical model, the tissue is considered to
company dysplastic progression, and have the potential tobe a two-layer medium, consisting of an epithelial layer of
serve as diagnostic markers. It is important to deconvolve the thicknessD and a semi-infinite stromal layer. Each of the two
measured fluorescence spectrum to yield changes in each ofayers are assumed to be homogeneous with respect to optical
these individual parameters before they can be used for diag-properties, such as the scattering coefficient, the absorption
nostic purposes. The extraction of optical parameters requirescoefficient, and fluorescence efficiency. The light delivery and
a mathematical model to describe fluorescence in tissue incollection geometry are set up to simulate a clinical device
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(e) (f)

Fig. 2 Fluorescence confocal images of fresh cervical tissue slices: (a) Cross sectional fluorescence confocal image of the epithelium from a normal
tissue sample,'® (b) cross sectional fluorescence confocal image of the stroma from a normal tissue sample,' (d) cross sectional fluorescence
confocal image of the epithelium from an abnormal tissue sample,” and (e) cross sectional fluorescence confocal image of the stroma from an
abnormal tissue sample.'® 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.'”
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Fiber Optic Probe —» L Fp{z=0
Diameter = 2mm —» e l ‘I‘
‘Epithelial A\ | — z=0
1 z=D
F*{(z=D
Stroma: i)
Fig. 3 Setup of the fiber optic probe and the tissue geometry. He3: Hyz> Heems By
Z=+o0
(@
currently used forin vivo fluorescence and reflectance
measurements, 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- Epithelium: z=0
rescence remitted from the tissue surface. The probe consists
of a bundle of optical fiber§NA=0.2), in which 25 illumi- ::::1’ ""¢11’ I'(z=D) I';@=D) F-, (z=D)
nation fibers and 12 collection fibers are arranged randomly 2
on a 2-mm-diam, 15-mm-long quartz mixing element. In ef- z=D
fect, the probe illuminates a 2-mm-diam area and has a 0.2
numerical aperturéFig. 3).
) Stroma:
2.1 Two-Layer Analytical Model g Hygs Hermss B
The total detected fluorescence from the tissue can be calcu- Z =00
lated as the sum of the contributions from the epithelial and ')

stromal layers. Within each layer, the model must account for
the propagation of excitation light, absorption by fluorophores Fig. 4 One-dimensional model of light propagation in (a) epithelial
(specified by the absorption coefficiepty;), conversion to layer and (b) stromal Ia.yfer.‘T.he epitheligm has thickness D, whereas
fluorescencédescribed by the quantum efficiends of the ;P;: ztlrs(z)n}i;:olealizr is semi-infinite. The optical parameters for each layer
fluorophore, and the propagation of the fluorescent light. ’
The propagation of light at the excitation and emission

wavelengths depends on the total absorption and scattering
coefficients(specified byuw, and ug, respectively and the

. i For simplicity, a one-dimensional geometry is considered,
angular dependence of the scatteridgscribed by the aniso-

= e with the direction of light propagation perpendicular to the
tropy factorg) within each layer. Within the wavelength range - iss e surface. When collimated excitation light with intensity

of interest(350 to 650 nmy these properties are quite different | i incigent on the epithelial surface, light intensity is at-
for the epithelium and the stroma; thus, we have selected tWo o ateq exponentially as the light travels along the optical
different models to describe the propagation of light in these ,iq Flyorescence is generated isotropically at each source
twollaye,rs. In the epithelial layer, the reduced albedo ot with half traveling toward the tissue surfa@e the —z

= s/ (pst+ 1a) is approximately 0.3 to 0.4 based on values gjrection) and half traveling toward the stronfin the +z

of the reduced scattering coefficignf = us-(1—g) and the girection, as shown in Fig. @). The resultant fluorescence
absorption coefficient, reported in Refs. 24 and 25. At such  remjtted from the tissue surfacE, (z=0), can be calcu-
range ofa’, light attenuation is accurately described by the |5ted as in Eq(1). P

effective attenuation coefficienies=[3- ua- (uat ul) 2.2

Considering that the mean free paths 1/(us+ 1), for cer-

vical epithelium (approximately 200 to 35@um) is compa- Fo(2=0)= 1 fDI Cexd — (N)-2]

rable to the epithelial thicknesgypically between 200 to 500 epi 20 ° Feff 112x

um),?’ light propagation can be approximated using the Beer-

Lambert law withu.¢.28 In contrast, the stromal layer exhib- N

its a relatively high level of scattering with a reduced albedo szl [Haria0(N) - Prago(AxsAm)]

on the order of 0.9 and a mean free path of approximately 30

to 50 um. Under these conditions, diffusion theory provides a - eXp(— peff1(Am) - 2)dz (D)

good description of light propagatiéiIn both cases, we ex-

amined the validity of using these descriptions of light propa- The subscript 1 for all the optical parameters refers to those of
gation by comparing the results with Monte Carlo simulations the epithelium. Stromal optical parameters will be indicated
using the same optical properties. with a subscript 2. Due to the optical nature of the epithelium
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mentioned before, the fluorescence efficiengieg;- ¢) are 1 (D
additive when multiple fluorophores are present. In B, Fep(z=D)= fj lo- exXf — terr1(Ay) - Z]
. . A 0
different fluorophores are denoted with a subsckipE .,(z
=0) is in fact hemispherical flux in the-z direction, and the N
fraction of this light, which is collected by the fiber optic X > [ at1 (M) - Dr1g0(AxsAm) ]
probeF {5 approximated as the ratRy, of the solid k=1
angle subtended by the fiber numerical aperture to hemi- . _ P —
spherical collection solid angle/2. exHl ~ era(M)-(D=2)1dz
where it can be scattered back toward the tissue suffége
detecte _ T (y— 4(a)]. The portion of this fluorescence, which is directed up-
FI7 B0 Am) =Run Fep(2=0). @ ward, F;(z=D), is simply the product of J,(z=D) and
A portion of the downward directed fluorescence reaches the diffuse reflectance of the semi-infinite stromal layer. Using
the stroma, the 1-D diffusion theory, F;;(z=D) is given by Eq.(3):

3 msi(Nm) -Gz F;p(Z:D)+47T' [ANm) - 2N m) +Co(Am) - e 2(A )]

Fepi(z=D)=m-[A(Npm) +Co(Am) ]~ 6 (mant 1) ()
a; s2
|

In deriving Eq.(3), &-Eddington approximation was used to A7 ANy +1}
achieve a better description of the forward scattering phase Fg (N , A ) = ara(Ny) - dia( Ny, Apy) T N
function in the stromal layé® A(\,,) and C,(\,,) are the H2(M) T pretf 2(Am)
general and particular solutions of the diffusion equation, and 41-Co(\,)
can be found in Ref. 30. This light is then attenuated as it T N }C()\m), (6)
travels back through the epithelium to the tissue surface; the Meft 20N + et 2(Am)

fraction that is detected is again dependent on the numericalyhere
aperture of the fiber optic probe, as in E4).

16=1o- exd — e a(Ay) - D1,
Fgeteae%)\x,Am):RNA'{F/_(ZZD) 0 0 eff 1\ x

epi
X — penr1(Am)-DI}. (4) CAm) =3[ maz(Am) + peo(Nm) 13- [ az(Nm)
Excitation light that reaches the bottom of the epithelium is + oA 1+ 2 per2(Nm)
given by and

I (z=D)=lgexf — pefr1(Ay)-D].

He2(N) = paz(N) + psa(Ny).

Some of the excitation light incident on the stroma is re- his fi . q . s th h th
flected back toward the tissue surface. The backscattered ex-_ pi-trh(;ﬁur:'otrﬁs(;re;cctieé)Aso?::\?gzsgeresiznlctzgrwg c?htisrgg?ecttac?
citation lightls—, can be calculated using E¢B) with stro-  pdetected ca’m be expressed as in Hd): :
mal optical parameters at the excitation wavelength. As this " 4 ! '
light travels back through the epithelium, it can excite addi- detecte B
tional epithelial fluorescendéig. 4(b)]. The fraction of this FP N A m) =[Rua: Fau(Ax Am)]
fluorescence that is detected is given b .

given by &1 xext{ ~ pei(\m) DI (7)

D The total detected fluorescengé<®®dcan then be calcu-

detecte: _ =5 _ tal
F3 %)‘X')‘m)_RNAL ls (z=D)exd — peir1(Ay) - 2] lated as the sum of these contributidiEs). 8.

detected_ —detected detected detected, detected
Fom =F1 +F5 +F3 +Fy . (8

N
2 [Rargo M) dragoAxAm) ]
k=1 There are additional, more complex light interactions that
- exfl — e 1(Am) - (D—2)]dz. (5) can contribute to th_e det_ected fluorescefe@., light travels
through the epithelium, is backscattered by the stroma, and
The excitation light incident on the stroma can excite fluo- generates downward directed fluorescence in the epithelium,
rescence within this layer of the tissue. Using the one- which is reflected by the epithelial-stromal interface, and re-
dimensional diffusion theory to describe the fluorescence in a mitted from the tissue surfageHowever, comparison with
homogeneous, one-layer medidhthe stromal fluorescence  Monte Carlo simulations shows that these terms are negligible
remitted at the epithelial-stromal bounda, can be ex- compared to the terms in E@8), and therefore they have
pressed as in Ed6): been neglected here.
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2.2 Optical Parameters of Tissue timated to increase by a factor of 3 in abnormal tissue. Also,
To use the model of Eq8) to describe cervical tissue fluo- fluorescence conchal microscopy' of fresh tissue §Iices sug-
rescence, it is necessary to have optical properties that aCCug_ests that the de_nS|ty of collagen flber_s decrease_s |n_abnormal
rately describe this type of tissue. Wherever possible, we usedtSSue by approximately 1/2 affecting light scattering in the
optical properties that had been measured directly from nor- stromal layer. Relgtlve fluorescence efficiencies betweer) nor-
mal and dysplastic cervical tissue. However, when these weremal and HG-SIL tlssge were based on fluorescence micros-
not available, optical properties were obtained from organ copy measurements in Ref_. 12.‘ Data collected f_rom HG-SIL
sites with comparable optical properties. Epithelialat 810 sites suggest that the epithelial fluorescence increased by
nm was derived fronin vitro measurements of cervical biop- about 100%, Whereas_th(_e stromal fluor_escence dec_reas_ed by
sies i Rel. 24 and was exvapoaed o aver wavelengins 200 S0% 8 el e Aosoroinof e enipelur,
E:Isn?oﬂ\:\(/aal\?(;llggsgiﬁgr'?'ﬁgrigtg?lg (())ff fﬁe"lgzirtsgﬁ:tri”cvgsz)gep from both layers, were kept identical to those in normal tissue.
rived from in vitro measurements of bronchial tisstieThe

total u, of the stroma was assumed to consist of two factors: 9.3 Aonte Carlo Simulations

that from hemoglobin and that from collagen. Absorption co-
efficient u, of hemoglobin was calculated using its extinction
coefficient® and the concentration measuriedvivo from ad-
enomatous polyp¥. Absorption coefficientu, of collagen
was calculated based on values from bloodless dermis mea
surement in neonatal skifiReduced scattering coefficients of
the cervix calculated fronin vivo reflectance measurements
range between 20 cm (at 700 nm and 35 cm? (at 350

The Monte Carlo technique was used to simulate the propa-
gation of excitation and fluorescent light in the tissue, using
the geometry of Fig. 3 and the same optical properties as for
the analytical model. Results of the analytic model were com-
“pared to results using the Monte Carlo approach to determine
whether the approximations made in the analytic model were
appropriate. Excitation photons are delivered in a collimated
1 k ) beam with a uniform profile across the 2-mm-diameter optical
nm).~ However, these values are derived from whole tissue ,ohe Fixed weight excitation photons undergo a sequence of
and are not suitable for describing the scattering properties of scattering events defined by the stepsize and the deflection
cervical stroma. The scattering coefficient of the submucosa gngle At each scattering event, the stepsize and the deflection
measuredn vitro from bronchial tissu® lies in a comparable angle are sampled from a probability distribution based on the
range, and was used @s of the stromal layer. . “mean free patl# and the anisotropy factay, respectively. The
Fluorescence emission depends on the absorption coeffi-propapility of absorption of the excitation photon at each scat-
cient uat(Ny) and the quantum efficiency(Ac,Am) of the  tering event isuy/pa+ ps, Wherep, and ug are the absorp-
fluorophores. The most prominent fluorophores in the epithe- tion and scattering coefficients of the layer the photon is trav-
lial layer are assumed to be NADH and FAD. Recent studies gling in. In the epithelial layer, light absorption is assumed to
show that keratin could also be a significant source of autof- pe caused mostly by fluorophores. As a result, all the absorbed
luorescence in the epitheliufiMost of the stromal fluores-  photon weight contributes to fluorescence emission. However,
cence is assumed to be produced by collagen cross-links. It isih the stromal layer, light absorption is caused by both the
difficult to calculate the fluorophore absorption coefficients fluorophore(collagen cross-linksand the chromophoréhe-
and quantum efficiencies separately from direct measure-moglobin. The portion of the photon weight absorbed by the
ments; however, it is relatively easy to measure their product, fluorophore is calculated with the factope, col/ a col
the fluorescence efficiendy ¢+ ¢¢). The spectral shape of + Ma np, Wherepu, oo and u, wp are s, for collagen and he-
the stromal fluorescence efficiency was based on fluorescencenoglobin, respectively. The absorbed photon weight is con-
measurements of a gel of type | collag€nhat of the epithe-  verted to fluorescence photon weight by the quantum effi-
lium was taken from fluorescence measurements of a suspenciency, which is calculated by dividing the fluorescence
sion of normal cervical epithelial cells made using a Spex efficiency by the absorption coefficient of the fluorophore.
Fluorolog Il spectrofluorimeter. The relative strengths of the The fluorescent photon travels with a variable weight, in
epithelial and stromal fluorescence efficiencies were based onwhich u,/u,+ s of the weight is lost at each scattering
fluorescence microscopy measurements from fresh normalevent due to absorption. As in the case of the excitation pho-
cervical tissue slice¥ Anisotropy factorg for epithelium was ton, the pathlength and deflection angle at each scattering
set to 0.97, close to the value measured from immortalized event is sampled from the two probability distributions based
and tumorigenic mammalian cef8A g of 0.8 was used for  on optical properties at the emission wavelength. The fluores-
the stroma, based on the values reported in Ref. 37. The indexcent photon is detected when it exits the tissue surface within
of refraction of both layers was 1.4, and the fiber optic probe the diameter and the numerical aperture of the fiber optic
was index-matched with the tissue. Figure 5 summarizes theprobe.
optical parameters from the epithelium and stroma of normal  To achieve statistical significance, 10 million excitation

cervical tissue. photons were generated for each Monte Carlo simulation un-
Optical parameters for preneoplastic cervical tissue were less specified otherwise. Anisotropy factors of the epithelium
estimated from available measuremenits. vitro confocal (9,=0.97) and the stromgg,=0.8), as well as all other

measurements in Ref. 24 show that the average epithelial  optical parameters, were set identical to the two-layer analyti-
increases approximately by a factor of 3 in abnormal tissue. cal model. The Heyney-Greenstein function was used as the
Dellas showed a three-fold increase in microvessel density in phase function. The weight of the detected photons was accu-
high grade SIL (HG-SIL) tissue compared to normal mulated to calculate total detected fluorescence. The imple-
epithelium?® thus light absorption due to hemoglobin was es- mented Monte Carlo code was verified using the results from
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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) u, of normal tissue, (b) ug of
normal tissue, (c) fluorescence efficiency of normal tissue at 350-nm excitation, (d) u, of abnormal tissue, (e) u, of abnormal tissue, and (f)
fluorescence efficiency of abnormal tissue at 350-nm excitation.

two-layer simulations in Ref. 38, in which the difference in of the Monte Carlo simulations and the analytical model di-
the remitted fluorescence between the two models was lessrectly, the same intensity of incident light was used in both

than 1%. cases. In the following analysis, we assume that each photon
weight in the Monte Carlo simulations is identical to the unit
3 Results intensity of light used in the analytical model.

Detected fluorescence calculated by the analytical model was ~ Figure &a) shows a one-dimensional profile of the de-
compared with the results from the Monte Carlo simulations tected fluores-cence as a function of the depth inside the tissue
to validate the model approximations. To compare the results where the fluorescent light was generated. Optical properties
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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 (Fi“*d) The dotted vertical line
shows the epithelial-stromal boundary at 200 um. In (b), the epithelial fluorescence was broken down into the different sources considered in the
analytical model: solid line for Fd€ectd dotted line for FI€e® and dashed line for F@  The following optical parameters were used:
waA)=42cm™, u (A)=509cm ", w,y(N,)=2.98cm !, wy(N,)=42.43cm ", w,(A)=1493cm™ ", u,(N)=3195cm™", u.(\,)
=9.37cm™', and g, (\,,)=266.25 cm™ .

are from normal tissue at 350-nm excitation and 420-nm the stromal fluorescence shown in Figa) the difference
emission, and excitation light intensity of 100 million units between the two models is approximately 3%.
was used. Fluorescence generated within the epithelium  The two-layer analytical model was then used to examine
shows good agreement between the analytical model and thehe dependence of detected fluorescence on the optical prop-
Monte Carlo simulations. erties of the epithelium and stroma. Results are shown as a
Figure @b) provides a comparison of the different compo-  function of the optical parameter in Fig. 7, assuming an exci-
nents, F{*°% F9e'° and F§*°“*} of detected epithelial  tation wavelength of 350 nm and an emission wavelength of
fluorescence as a function of depth inside the epithelium 420 nm. The range of optical parameters was altered to span
where the fluorescence was generated. Both the analyticalthe range expected for normal and abnormal cervical tissue at
model and the Monte Carlo simulations show similar trends in this excitation-emission wavelength combination. Although
the depth dependence of the origin of the detected fluores-qp)y the optical parameters at the excitation wavelength are
cence. It is interesting to note that the analytical model gnown in thex axis in Fig. 7, the optical parameters at the
slightly overestimate§ {*°**’andF5**“*} as shown in Fig.  emission wavelengths were varied proportionally.
6(b). This is because the effective attenuation coefficient As the epithelial thickness increases from 100 to 500,
used with the Beer-Lambert law slightly underestimates the o qetected epithelial fluorescence incredsds. 7(a)]. At
att_enugtion of both the excit'ation and the emission_light in the the same time, the detected stromal fluorescence decreases
gg'&;ggil lﬁge{wgonqugggé 'lzégs(:]) a?gsgv?h?r?tst;@ewdr:gﬁr?r?ge because the excitation light traveling to the stroma undergoes
L ) . increased attenuation in the thicker epithelium. The epithelial
overall epithelial fluorescence is considered. :
and stromal fluorescence calculated by the analytical model

In the case of fluorescence originating in the stroma, the re in qood aareement with results of the Monte Carlo Simu-
analytical model overestimates the detected fluorescence thaE‘ tionsg 9

originates near the epithelial-stromal boundary, as shown in . L . -
Fig. 6(a). However, results from the single-layer medium with __ '"creasing the epithelial absorption has a similar effect
stromal optical properties show that diffusion theory underes- LFi9- 7(D)]. Increasing the epithelial absorption increases epi-
timates Monte Carlo simulations by approximately 6%. The thelial fluorescence, since light absorption in the epithelium is
slight underestimation of the diffusion theory when used with assumed to contribute directly to fluorescence emission. How-
the SEddington approximation is also demonstrated in Ref. €Ver, increased attenuation of light in the epithelial layer de-
29. The difference in stromal fluorescence characteristics be-creases detected stromal fluorescence. It is interesting to note
tween the two-layer model and the single-layer model can be that the analytical model slightly underestimates both the epi-
attributed to the propagation of excitation and emission light thelial fluorescence and the stromal fluorescence at relatively
through the epithelial layer. As seen in Figbp the attenua-  high levels of epithelial absorption.

tion of light in the epithelial layer is slightly underestimated ~As the epithelial scattering is increased, Monte Carlo simu-
by e As a result, the intensity of the excitation light deliv- lations show a slight increase in epithelial fluorescefitg.

ered to the stromal layer, as well as the stromal fluorescence?(c)]. However, the Beer-Lambert law used in the analytical
that propagates through the epithelial layer before detection,model does not account for this increase, and the epithelial
are overestimated in the analytical model. However, when the fluorescence calculated by the analytical model slightly de-
total detected stromal fluorescence is calculated by integratingcreases 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) u, of the epithe-
lium, (c) u, of the epithelium, (d) u, of the stroma, (e) u, of collagen, and (f) u, of the stroma. In each case, the following values were used for the
rest of the optical parameters: epithelial thickness=200 um, w,(N)=4.2cm ', wugq(N)=50.9cm™ ", w,;(N\;)=2.98cm™ ", wg(\,)
=4243cm™!, w,(N)=14.93cm™", ur(N)=319.5cm™", w»(\,)=9.37 cm™", and u,(\,,) =266.25 cm™".

Increasing stromal absorption associated with hemoglobin tially was directed downward. The results of the analytical
reduces the detected stromal fluorescence, as shown in Figmodel and the Monte Carlo simulations are in good agree-
7(d). Similarly, increasing the stromal absorption reduces the ment throughout the range of the stromal absorption consid-
detected epithelial fluorescence frdﬁj’pi(z= D), which ini- ered.
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Stromal absorption is also affected by the fluorophore ab- 350 T . .
. . . . . —=— analytical model
sorption coefficient in the stroma. FiguréeY shows that the o Mot et sistions
detected stromal fluorescence increases as the fluorophore ab-  300f --- average clinical data 1

sorption coefficient is increased. At the same time, the de-
tected epithelial fluorescence decreases slightly because of the
attenuation ongpi(z:D) 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 increase
slightly as stromal scattering increadésg. 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 calculated

by the analytical model remains relatively constant for the 0 450 500 550 600

range of stromal scattering shown in Fidf)7 emission wavelength (nm)
Fluorescence spectra at 350-nm excitation generated by the ()

analytical model and the Monte Carlo simulations are plotted

in Fig. 8. In Fig. 8a), the optical properties of normal cervical a0 ' — analytioa — '

tissue were used. The analytical model underestimates the epi- I —— Monte Carlo simulation

thelial fluorescence by approximately 4% and overestimates > == versgecinical gakr l

the stromal fluorescence by approximately 6%, relative to the 2501 |

results of the Monte Carlo simulations. The difference be-
tween the total detected fluorescence calculated by the two
models is approximately 4%. Figurgl® 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 two
models is less than 5%.

To compare the spectra predicted from the models with
clinical measurements, average fluorescence spectra measured
at 350-nm excitation are also plotted in Fig. 8. Fluorescence . ; .
emission spectra were measured from 209 normal squamous 450 500 550 600
cervical sites in 116 patients with the clinical device described emission wavelength (nm)
in Ref. 23; the average spectrum is shown as a dashed line in ®)

Fig. 8(a) A linear Scal?”_g factor was used to Scale_ the mOdel Fig. 8 Fluorescence spectra calculated using the analytical model
prediction and the clinical measurement to the intensity at (black) and the Monte Carlo simulations (gray) using optical param-
440-nm emission. The line Shape of the fluorescence prediCtE‘deters of (a) normal and (b) abnormal tissue. The excitation wavelength
by the models agrees well with that measured clinically. Fig- was 350 nm. In each figure, the solid lines and the dotted lines show
ure gb) shows the average spectrum from 45 HG-SIL cervi- total detected fluorescence and detected fluorescence originating
cal sites from 28 patients. The Scaling factor from Figi)S from the‘. epithelium, respectively, generated by the two models. A\(er—

- - - age clinical measurement of squamous normal sites and HG-SIL sites
Was, app“e‘?' to the average C“mca,‘l measurement in Rig. 8 are plotted as gray dashed lines in Figs. 7(a) and 7(b), respectively. The
While the lineshapes of the predicted and measured fluores-,, clinical measurements were scaled with an identical factor.
cence from HG-SIL agree well, the model underestimates the
average fluorescence measurement from HG-SIL cervical tis-
sue by 5 to 20% at emission wavelengths below 550 nm. the Beer-Lambert law. Moreover, the optical parameters in

Fig. 5 suggest that the mean free patim the epithelium is
. . . approximately 20Qum for normal tissue and 7@m for ab-

4 Discussion and Conclusions normal tissue. Considering that the epithelial thickness typi-
In this study, an analytical model to describe fluorescence in a cally ranges between 100 to 5@én, the number of scattering
two-layer medium is developed. Results of the analytical events in the epithelial layer is very small, further reducing
model are compared with those generated by the Monte Carlothe effect of epithelial scattering. Figurécy shows that the
simulations to investigate the validity of the model. Under analytical model underestimates the epithelial fluorescence by
most optical conditions tested in the study, the Beer-Lambert more than 15% when the reduced albedo is greater than 0.3.
law provides a good description of light propagation in the Comparisons with Monte Carlo simulations show that the
epithelial layer. Theoretically, the Beer-Lambert law is appli- diffusion theory provides a good description of light propaga-
cable to media where the albedo is small. Figure 5 shows thattion in the stromal layer under the various optical conditions
there is a higher level of scattering than absorption in the tested in this study. Although the diffusion theory provides a
epithelium. However, strong forward scattering in the epithe- good description of light propagation in the stromal layer, a
lium reduces the effect of light scattering, and low values of limitation of the analytical model in describing the stromal
reduced albed@’ provides an optical regime favorable for fluorescence is due to the fact that the attenuation of the ex-

N
[o]

intensity
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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 two

models is about 3%.
The advantage of the analytical model relative to the

Monte-Carlo-based approach is that the analytical model can1®-
be readily applied to clinical measurements to extract various

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 in 16:
an iterative process. The analytical model presented in this

Analytical model to describe fluorescence spectra . . .

fluorescence confocal microscopy’hotochem. Photobioll 7, 550—
555 (2003.

14. J. R. Mourant, M. Canpolat, C. Brocker, O. Esponda-Ramos, T. M.

work is designed to describe fluorescence measured from a

clinical device currently used to meastunevivo fluorescence

spectra. The results described show that the analytical model*”-

provides a good description of fluorescence for the optical

properties associated with normal and precancerous cervical

epithelium and stroma. Future work will explore the diagnos-
tic performance of classification algorithms based on model
parameters extracted in this approach.

References

1. P. Pisani, D. M. Parkin, R. Bray, and J. Ferlay, “Estimates of the
worldwide mortality from 25 cancers in 1990Jht. J. Cancer83,
18-29(1999.

2. L. G. Koss, “The Papanicoloau test for cervical cancer detection: A
triumph and a tragedy,J. Am. Med. Asso@61, 737-743(1989.

3. R.J. Kurman, R. E. Herison, A. L. Herbst, K. L. Noller, and M. H.
Schiffman, “Interim guidelines for management of abnormal cervical
cytology,” J. Am. Med. Asso@71, 1866—18691994).

4. L. Gustafsson, J. Ponten, M. Zack, and H. O. Adami, “International
incidence rates of invasive cervical cancer after introduction of cyto-
logical screening,"Cancer Causes Contrd, 755—-763(1997.

5. M. Follen Mitchell, S. B. Cantor, C. Brookner, U. Utzinger, D. Schot-
tenfeld, and R. Richards-Kortum, “Screening for squamous intraepi-
thelial lesions with fluorescence spectroscop@bstet. Gynecol.
(N.Y., NY, U. S.p4, 889—-896(1999.

6. M. Follen Mitchell, D. Schottenfeld, G. Tortolero-Luna, S. B. Cantor,
and R. Richards-Kortum, “Colposcopy for the diagnosis of squamous
intraepithelial lesions: a meta-analysisJbstet. Gynecol. (N.Y., NY,
U. S.)91, 626-631(1998.

7. S. B. Cantor, M. Follen Mitchell, G. Tortolero-Luna, C. S. Bratka, D.
C. Bodurka, and R. Richards-Kortum, “Cost-effectiveness analysis of
diagnosis and management of cervical squamous intraepithelial le-
sions,” Obstet. Gynecol. (N.Y., NY, U. 9), 270-277(1998.

8. N. Ramanujam, M. Follen Mitchell, A. Mahadevan-Jansen, S. L. Th-
omsen, G. Staerkel, A. Malpica, T. Wright, N. Atkinson, and R.
Richards-Kortum, “Cervical pre-cancer detection using a multivari-

18.

19.

20.

22.

23.

24.

25.

26.

27.

ate statistical algorithm based on laser induced fluorescence spectra at

multiple excitation wavelengthsPhotochem. Photobio6, 720—735

(1996.
9. R. J. Nordstrum, L. Burke, J. M. Niloff, and J. M. Myrtle, “Identifi-
cation of cervical intraepithelial neoplasi€IN) using UV-excited
fluorescence and diffuse-reflectance tissue spectroscdmsers
Surg. Med.29, 118-127(2009).
S. K. Chang, M. Follen, A. Malpica, U. Utzinger, G. Staerkel, D.
Cox, E. N. Atkinson, C. MacAulay, and R. Richards-Kortum, “Opti-
mal excitation wavelengths for discrimination of cervical neoplasia,”
IEEE Trans. Biomed. Engl9, 1102-1111(2002.
I. Georgakoudi, E. E. Sheets, M. G." &, V. Backman, C. P. Crum,
K. Badizadegan, R. R. Dasari, and M. S. Feld, “Trimodal spectros-
copy for the detection and characterization of cervical precancers in
vivo,” Am. J. Obstet. Gynecal86, 374—-382(2002.
R. Drezek, C. Brookner, |. Pavlova, I. Boikol, A. Malpica, R. Lotan,
M. Follen, and R. Richards-Kortum, “Autofluorescence microscopy
of fresh cervical-tissue sections reveals alterations in tissue biochem-
istry with dysplasia,”Photochem. Photobioll3, 636—641(2001).
I. Pavlova, K. Sokolov, R. Drezek, A. Malpica, M. Follen, and R.
Richards-Kortum, “Microanatomical and biochemical origins of nor-

10.

11.

12.

13.

28.

29.

30.

31.

32.

33.

Johnson, A. Matanock, K. Stetter, and J. P. Freyer, “Light scattering
from cells: the contribution of the nucleus and the effects of prolif-
erative status,J. Biomed. Opt5, 131-137(2000.

R. Drezek, M. Guillaud, T. Collier, I. Boiko, A. Malpica, C.
MacAulay, M. Follen, and R. Richards-Kortum, “Light scattering
from cervical cells throughout neoplastic progression: influence of
nuclear morphology, DNA content, and chromatin texturd,”
Biomed. Opt8, 7—16(2003.

D. Arifler, M. Guillard, A. Carraro, A. Malpica, M. Follen, and R.
Richards-Kortum, “Light scattering from normal and dysplastic cer-
vical cells at different epithelial depths: finite-difference time-domain
modeling with a perfectly matched layer boundary conditiod,”
Biomed. Opt8, 484—494(2003.

T. Collier, A. Lacy, A. Malpica, M. Follen, and R. Richards-Kortum,
“Near real-time confocal microscopy of amelanotic tissue: detection
of dysplasia in ex vivo cervical tissueAcad. Radiol.9, 504-512
(200D.

A. Dellas, H. Moch, E. Schultheiss, G. Feichter, A. C. Almendral, F.
Gudat, and J. Torhorst, “Angiogenesis in cervical neoplasia: mi-
crovessel quantitation in precancerous lesions and invasive carcino-
mas with clinicopathological correlations,Gynecol. Oncol.67,
27-33(1997).

G. Zonios, L. T. Perelman, V. Backman, R. Manoharan, M. Fitzmau-
rice, J. Van Dam, and M. S. Feld, “Diffuse reflectance spectroscopy
of human adenomatous colon polyps in vivé\ppl. Opt.38, 6628—
6637(1999.

M. S. Nair, N. Ghosh, N. S. Raju, and A. Pradhan, “Determination of
optical parameters of human tissue from spatially resolved fluores-
cence: a diffusion theory model&ppl. Opt.41, 4024—-40342002.

D. E. Hyde, T. J. Farrell, M. Patterson, and B. C. Wilson, “A diffu-
sion theory model of spatially resolved fluorescence from depth-
dependent fluorophore concentration®hys. Med. Biol.46, 369—
383(2001.

G. Alexandrakis, T. J. Farrell, and M. S. Patterson, “Accuracy of the
diffusion approximation in determining the optical properties of a
two-layer turbid medium,”Appl. Opt.37, 7401-74091998.

A. Zuluaga, U. Utzinger, A. Durkin, H. Fuchs, A. Gillenwater, R.
Jacob, B. Kemp, J. Fan, and R. Richards-Kortum, “Fluorescence ex-
citation emission matrices of human tissue: a system for in vivo mea-
surement and data analysighppl. Spectrosc53, 302—311(1998.

T. Collier, D. Arifler, and R. Richards-Kortum, “Determination of
epithelial tissue scattering coefficient using confocal microscopy,”
IEEE J. Sel. Top. Quantum Electra®,. 307—-313(2003.

J. Qu, C. MacAulay, S. Lam, and B. Palcic, “Optical properties of
normal and carcinomatous bronchial tissuggpl. Opt.33, 7397—
7405(1994.

S. T. Flock, M. S. Patterson, B. C. Wilson, and D. R. Wyman,
“Monte Carlo modeling of light propagation in highly scattering
tissues-I: Model predictions and comparison with diffusion theory,”
IEEE Trans. Biomed. En@6, 1162-11681989.

D. C. Walker, B. H. Brown, A. D. Blackett, J. Tidy, and R. H. Small-
wood, “A study of the morphological parameters of cervical squa-
mous epithelium,"Physiol. Meas24, 121-135(2003.

R. Richards-Kortum, “Fluorescence spectroscopy of turbid media,”
Chap. 20 inOptical-Thermal Response of Laser Irradiated Tissue

J. Welch and M. J. C. van Gemert, Eds., pp. 667—708, Plenum Press,
New York (1995.

W. M. Star, “Diffusion theory of light transport,” Chap. 6 @ptical-
Thermal Response of Laser Irradiated TisséieJ. Welch and M. J.

C. van Gemert, Eds., pp. 131-206, Plenum Press, New ®85.

A. Ishimaru,Wave Propagation and Scattering in Random Media
\ol. 1, Academic, Orlando, FI(1978.

J. Wu, M. S. Feld, and R. P. Rava, “Analytical model for extracting
intrinsic fluorescence in turbid mediaZppl. Opt. 32, 3585-3595
(1993.

J. R. Mourant, J. P. Freyer, A. H. Hielscher, A. A. Eick, D. Shen, and
T. M. Johnson, “Mechanisms of light scattering from biological cells
relevant to noninvasive optical-tissue diagnostic8gpl. Opt. 37,
3586-35931993.

S. Prahl, “Optical absorption of hemoglobin,” see http://
omlc.ogi.edu/spectra/hemoglobin/, Oregon Medical Laser Center
(1999.

mal and precancerous cervical autofluorescence using laser scanning34. |. S. Saidi, “Transcutaneous optical measurement of hyperbilirubine-

Journal of Biomedical Optics ¢ May/June 2004 « Vol. 9 No. 3 521



Chang et al.

35.

36.

mia in neonates,” PhD Dissertation, Rice University, Houston, TX 37.

(1992.

K. Sokolov, J. Galvan, A. Myakov, A. Lacy, R. Lotan, and R.
Richards-Kortum, “Realistic three-dimensional epithelial tissue
phantoms for biomedical optics)J. Biomed. Opt7, 148—-156(2002.

J. R. Mourant, J. P. Freyer, A. H. Hielscher, A. A. Eick, D. Shen, and
T. M. Johnson, “Mechanisms of light scattering from biological cells
relevant to noninvasive optical-tissue diagnosticagpl. Opt. 37,
3586-35931998.

522 Journal of Biomedical Optics ¢ May/June 2004 * Vol. 9 No. 3

W. F. Cheng, “Summary of optical properties in optical-thermal re-
sponse of laser irradiated tissue,” Chap. 8Qptical-Thermal Re-
sponse of Laser Irradiated TissuA. J. Welch and M. J. C. van
Gemert, Eds., Plenum Press, New Y¢i095.

38. A.J. Welch, C. Gardner, R. Richards-Kortum, E. Chan, G. Criswell,

J. Pfefer, and S. Warren, “Propagation of fluorescent lighg5ers
Surg. Med 21, 166—178(1997.



