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Abstract
We have developed a Monte Carlo simulation method for estimating the autofluorescence spectra of colon tissues
with different mucosa and submucosa layer thickness. The simulated excitation light wavelength is at 330 nm
wavelength and the fluorescence emission spectrum is from 370 nm to 550 nm. Through the simulation process, we
have obtained better understanding of the optical properties of the colon tissues, as well as the relationship between the
fluorescence spectrum and the development of adenoma in different stages.
Keywords: Monte Carlo simulation, Laser-induced autofluorescence (LIAF), Fluorophores.

Introduction
Background
Cancers have always been the leading cause of death in
recent years. The cure rate of cancer is higher if it can be
diagnosed earlier. In addition, early cancer diagnosis plays an
important role in cancer therapy. Autofluorescence technique
detects the emission of the natural fluorophores of tissues
under the excitation of ultraviolet light .The distribution and
concentration of the natural fluorophores changes along with
pathological
developments.
Therefore,
through
the
measurement of the autofluorescence spectrum, we may
recognize the status of tissue. In addition, the advantage of the
minimum invasion diagnostic procedure has made the
autofluorescence technique become an applicable and
promising early cancer diagnostic technique.
Colon early cancer diagnosis
Colon tissues consists of two layers, mucosa and
submucosa layer. The average mucosa layer thickness is about
500 µm [1]. Its thickness increases with the development of
dysphasia and pathologic tissue change. Adenoma is the most
common pathologic change of colon tissues [4]. It consists of
two categories, polypoid adenoma and non-polypoid adenoma.
Both types result from the abnormal hyperplasia within the
mucosa layer. Polypoid adenoma can be easily diagnosed
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because of its convex type appearance. However, non-polypoid
adenoma could not be easily diagnosed because of its flat
manifestation. In addition, the close relationship between
adenoma and adenocarcinoma has been reported. Therefore, an
early diagnosis of adenoma and adenocarcinoma is very
important in the treatment of early colon cancers.
Autofluorescence of biologic tissues
Collagen, NADH, and FAD are major natural
fluorophores in colon tissue. By using the ultraviolet light
excitation, autofluorescence emission can be generated. It is
observed that the fluorescent peaks for these fluorophores are
at 380 nm, 440 nm, and 530 nm at 330 nm excitation [9].
There are three factors affecting the autofluorescence spectrum
in biologic tissues: (1) the distribution of the excitation light in
the tissue, (2) the distribution and emission intensity of
fluorophores of the tissue, and (3) the absorption and scattering
properties of the tissue will affect the degree of the
fluorescence escape function of the tissue.
Monte Carlo Simulation principle
In biological tissues, the main factors that affect the
fluorescence spectrum are the concentration and distribution
the fluorophores and the absorption and scattering properties
of the tissue [2]. These factors need to be considered in the
light induced autofluorescence (LIAF) model. In addition, the
anisotropic forward scattering characteristics of biological
tissue also affects the forward scattering. Therefore, the
anisotropic coefficient (g) also needs to be considered in the
model [3].

30

J. Med. Biol. Eng., Vol. 23. No. 1 2003

Figure 1. Reflectance spectra of mucosa and submucosa layers

(a)

(b)
Figure 2. (a) Absorption coefficient of the colon tissue; (b) Scattering
coefficient of the colon tissue

Monte Carlo simulation (MCS) [2,5,7] could describe
photon distributions in a turbid medium. Its major concept

involves the consideration of absorption, scattering, and
anisotropic scattering properties of the tissue and the
calculation of the resulted photon distribution. Advantages of
the Monte Carol method are its simple in use and the
flexibility in applications. Nevertheless, the calculation
efficiency of this method is a great concern. For letter
understanding of the progressive process of pathological
developments, we could constitute a mathematic tissue model
for simulating the fluorescence spectrum of tissue of different
stages. By changing the thickness of mucosa and submucosa
layer of colon tissue, we could have estimate autofluorescence
spectrum of colon tissues of different compositions and could
obtain a better understanding of these spectra.
Monte Carlo simulation (MCS) is a numeric analysis
method that is often used in estimating the behavior of photons
in the tissue in a macroscopic view. The simplification and
basic hypothesis of the MCS model is: (1) biologic tissues are
arranged in axial symmetry, (2) the tissue optical property is
homogeneous in the same layer of the tissue, (3) the angle of
the excitation photon is parallel to the normal vector of the
tissue.
There are three major parameters used in this simulation,
absorption coefficient ( µ a ), scattering coefficient ( µ s ), and
anisotropic coefficient (g). These parameters are wavelength
dependent. µ a represents the degree of the absorption for a
group of photons for being absorbed after a propagation of a
unit length in the tissue. µ s represents the degree of
scattering effect for a group of photons after a unit length
propagation. Anisotropic coefficient, g, represents the cosine
value of the averaged scattering angle. The isotropic scattering
coefficient µ s' is defined as µ s' = µ s (1-g) [10,11], where g
is around 0.7 to 0.99 in biological tissue. The scattering angle
is between ± 8º to ± 45º.
The reflectance coefficient, Rd( λ ), and the
transmittance coefficient, Tt(λ), can be obtained from the
transmission and reflection spectroscopic measurements from
mucosa and submucosa layers. Fig. 1 shows the reflectance
spectra. In this paper, since it is very difficult to remove the
submucosa layer for transmittance measurement, so Tt(λ) is
estimated obtained from published data [6]. After Rd (λ) and
Tt (λ) are determined: the µ a (λ) and µ s (λ) coefficients,
which can be obtained through the theory of Kubelka-Munk
Two Flux [8,12,13], and are shown in Fig. 2, The
Kubelka-Munk Two Flux theory is shown below:

S=

1 − Rd (a − b)
1
ln[
]
bt
Tt

(1)

a=

1 − Tt 2 + Rd 2
2 Rd

(2)

b = a2 −1

(3)

K = S (a − 1)

(4)

µa = K 2

(5)

µs =

4
1
( S + µ a ) /(1 − g )
3
4

(6)
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Figure 3. Experiment setup

Method

Colon specimen autofluorescence measurements

Simulation of autofluorescence spectrum
We have grouped the colon tissue into two different layers
according to their optical structure: mucosa and submucosa
layers. We have applied Monte Carlo simulation method for
calculating the distribution of a group of photons after
penetrating the tissue, as well as the escape of the fluorescence
photons after the excitation on the fluorophores [6,7]. The
autofluorescence distribution can be described as:

Experimental procedure
In this paper, pork colon specimen was used in the
experiment [6]. The frozen preserved pork colon tissue was
removed from the –70°C refrigerator and immersed in a buffer
solution with the concentration of 0.1M. The total
autofluorescence signal of the bulk colon tissue was measured
first; then the autofluorescence signal of each of the mucosa
and submucosa layers was measured separately. We have used
the technique of frozen slicing to slice a 1 mm thick colon
tissue into 100 µm thick tissue specimen.
Fig. 3 represented the experimental structure of
spectrometers, a light source, and a Y-type optical fiber.
Through the Y-type optical fiber, the tissue signal was excited
by the excitation beam conducted through a fiber waveguide
onto the layered specimen, and was sent back through the
other fiber to the spectroscope. The excitation light source is a
Xenon Lamp (CERMAX, ILC Technology, Sunnyvale
California USA). The light source passes through a
spectrometer system (D10, Jobin Yvon, Arpajon_France) and
generates a narrowband band light at 330 ± 0 nm for to
excitation. Because the intensity of the excitation light source
is much stronger than the emission signals and the bandwidth
of excitation beam overlaps with the emission spectrum,
therefore, we insert a long-pass filter, 365 nm, before the
entrance of spectroscope to reduce the overlapped interference
from the excitation beam. We collect the emission light
through long-pass filter and apply photo-multiplier tube (R928,
Hamamastu, Japan) to detect the intensities at different
wavelengths. The Y-shape optic fiber was constituted by
eighteen excitation fibers and nineteen receiving fibers, which
are arranged randomly. The diameter of the quartz fiber is 200
µm, N.A.=0.22.

ΨF (λ , r )
=

∑[Φexci (r ' , Zi ) × ρ (Zi )] ⊗ Γescape(λ, r ' , Zi )

i =0

(7)

×β normal (λ , Z i ) × ∆Z
where φexci (r ' , Z i ) represents the distribution of the
excitation photons in the tissue, ρ(Zi) represents the total
concentration of fluorophores distribution in the tissue. The
distribution of the fluorophores is assumed to be homogeneous
in each of the mucosa and submucosa layer. However, the
concentration of the fluorescent substance is measured to be
much stronger in the submucosa layer than in the mucosa layer.
Γesc(λ, r´, z) represents the escape function of the fluorescence
photons after their outgrowth from biological tissue through
the excitation [1]. βnormal (λ, z) represents the normalized
autofluorescence spectrum, from 370 nm to 550 nm, in each of
the mucosa and submucosa layers. The autofluorescence
spectrum in each layer at different depth can be measured
individually by the frozen slicing approach. The relative
strength of the total contribution from each fluorophores at
different depth can be shown by the normalized parameters,
βnormal (λ, z).
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Figure 4. Measures autofluorescent spectra of sliced colon tissue at different depth, from 100 mm

to 800 mm .

Figure 5. Simulated spectra of autofluorescence with different mucosa/submucosa thickness composition.

Results and discussion
In this paper, we have used MCS modeling to simulate
the photon interactions in colon tissue and acquired the
simulated autofluorescence spectra of different colon tissues
by applying the mimic distribution of photon energy by the
MCS modeling. The controlled factor was the thickness of
mucosa and submucosa layers, µ a , µ s , and g, tissue optical
parameters. We have assumed that the total thickness of the
mucosa and submucosa layers was 1mm, and the thickness of
mucosa layer was increased from 200 µm to 800 µm by adding
100 µm in each step. The thickness of submucosa layer was
varied from 800 µm to 200 µm respectively.

ρ(Zi) measurements
We have sliced colon tissue into slices of 100µm thick
specimen and measured their autofluorescence spectra. Fig. 4
shows the autofluorescence spectra of each of the 100 µm
thick colon tissue at different depth. We can find that there are

3 groups of these spectra, (1) the mucosa group, at 100~300
µm depth, with the weakest fluorescence intensity, (2) the
intermediate group, at 400~500 µm depth, represents the
middle region between mucosa/submucosa layer with
moderate intensity, and (3) the submucosa group at 600~800
µm depth, with the strongest intensity. The measured
autofluorescence spectra of the mucosa layer and the mucosa
layer groups are couple of time different in their fluorescent
intensity, but the variation in the intensity in each of the group
is quite minimum. In addition, fluorescent intensities of the
submucosa group is 8~9 times stronger than that of the mucosa
group. Therefore, the concentration of the fluorephores in the
submucosa layer, at 600 ~800 µm depth are much stronger
than the mucosa layer at 100 µm~300 µm depth.
Simulated results
Fig. 5 shows the autofluorescence spectra of different
colon tissues with different mucosa/submucosa thickness. We
have found that the intensity of the fluorescent spectrum
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Figure 6. The autofluorescence spectra of a measured colon tissue and a simulated colon tissue with 300 mm / 700 mm mucosa and
submucosa layers.

Figure 7. Integrated autofluorescence spectra of collagen and NADH emission changes with different mucosa and submucosa layer thickness.

decreases as the thickness of the mucosa layer increases. This
finding may result from (1) the increased mucosa layer
reduced the probability for the excited photons reaching the
submucosa layer, (2) the escape of the fluorescence in the
submucosa layer reaching the tissue surface was also reduced
by the increased absorption and scattering effects from the
increased thickness of the mucosa layer, and (3) the
contribution of the autofluorescence spectrum from the
submucosa layer is much stronger than the mucosa layer, and
the increasing in the thickness of the mucosa layer will reduce
the exposure of the submucosa layer to the excitation photons.
The major fluorescence emissions at 330 nm excitation in the
mucosa layer are from collagen and NADH, and the
fluorescence emission in the submucosa layer is from collagen
that is much strong or the submucosa layer than in the mucosa
layer. When the thickness of the mucosa layer increases, the
reduction of the fluorescence emission of collagen at 380 nm is
more affected than the NADH’s emission at 460 nm. We have
compared the autofluorescence spectrum of the normal colon
tissue between the measured and the MCS simulated spectrum
of the composition of the mucosa layer, 300 µm, and the

submucosa layer, 700 µm, as shown in Fig. 6. These two
spectra appear to be very similar.
Ratio of autofluorescence intensity of Collagen/NADH
Fig. 7 shows the integrated autofluorescence intensity of
collagen and NADH with different composition of the mucosa
and submucosa layer thickness. The integrated intensity of the
collagen covers 380 ± 10 nm, and the NADH covers 440 ±
10 nm. We observed that the integrated autofluorescence
intensity of both collagen and NADH intensity reduces as the
thickness of the mucosa layer increases. In addition, the
autofluorescence integrated intensity of collagen is weaker
than that of NADH when the thickness of the mucosa layer is
thicker than 500 µm. For comparing the influence of the
mucosa/submucosa thickness to the autofluorescence intensity
of collagen and NADH, we compared the ratio of their
intensities, collagen / NADH, as shown in Fig. 8. It displays
that the thicker mucosa layer is, the lower collagen/NADH
ratio is. When the thickness of the mucosa layer is thicker than
500 µm, the value of ratio becomes less than 1 that represents
the fluorescent intensity of the collagen become weaker than
that of the NADH.
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