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Abstract
The optical properties of human stomach wall mucosa were measured in the wavelength range 400–2000 nm.The
measurements were carried out using the commercially available spectrophotometer CARY-2415 with an integrating
sphere. The combined method based on inverse adding-doubling and inverse Monte Carlo techniques was used to
determine the absorption and scattering coefﬁcients and anisotropy factor from the measurements.
r 2007 Elsevier GmbH. All rights reserved.
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Introduction
Recent technological advancements in the photonics
industry have real progress toward the development of
clinical functional imaging, surgical and therapeutic
systems. Development of the optical methods in modern
medicine in the areas of diagnostics, surgery and therapy
has stimulated the investigation of optical properties of
human tissues, since the efﬁcacy of optical probing of the
tissues depends on the photon propagation and ﬂuence
rate distribution within irradiated tissues. Examples of
diagnostic use are the following: the monitoring of blood
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oxygenation and tissue metabolism [1,2], detection of
stomach malignancies [3], and various recently suggested
techniques for optical imaging [4,5]. Therapeutic usage
mostly includes applications in laser surgery [6] and
photodynamic therapy [7–9]. For these applications, the
knowledge of tissue optical properties is of great
importance to the interpretation and quantiﬁcation of
the diagnostic data, and to the prediction of light
distribution and absorbed energy for therapeutic and
surgical use. Numerous investigations related to determination of tissue optical properties are available in
literature, however the optical properties of many tissues
have not been studied in a wide wavelength range.
The goal of this paper is to measure optical properties
(namely, absorption coefﬁcient, scattering coefﬁcient
and anisotropy factor) of human stomach wall mucosa
in the wavelength range from 400 to 2000 nm.
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Materials and methods
The measurements were carried out in vitro with
ﬁfteen human stomach wall mucosa samples, which
were obtained from elective surgery. All samples were
kept in saline at temperature about 5 1C until spectroscopic measurements. The samples were measured
during 2–4 h after biopsy. All the samples have an area
about 500–600 mm2. For mechanical support, the tissue
samples have been sandwiched between two glass slides.
The thickness of each sample was measured with a
micrometer in several points over the sample surface and
averaged. Precision of the single measurement was
750 mm. Thickness of the samples varied from
0.9570.21 to 3.070.08 mm.
The total (Tt) and diffuse (Td) transmittance (equal to
Tt minus the small angle portion of transmission within
an angular aperture of 5.3 deg) and diffuse reﬂectance
(Rd) measurements were performed in the 400–2000 nm
wavelength range using the commercially available
CARY-2415 (‘‘Varian’’, Australia) spectrophotometer
with an integrating sphere. Inner diameter of the sphere
is 100 mm, size of the entrance port is 20  20 mm and
diameter of the exit port is 16 mm. As a light source, a
halogen lamp with ﬁltering of the radiation in the
studied spectral range is used in the measurements. The
diameter of incident light beam on the tissue sample is
3 mm. Scan rate is 2 nm/sec. The measurements were
carried out at room temperature about 20 1C. For the
measurement of Tt the exit port is closed with a certiﬁed
white diffusive reﬂecting standard. Td is measured after
the standard was removed, so that nonscattered and
scattered transmitted light leaves the sphere within an
angle of 5.3 deg. Diffuse reﬂectance Rd is measured
relative to the standard, ﬁrst diffuse reﬂectance spectrum
of standard is measured and then standard is replaced
by the sample and its diffuse reﬂectance is measured. To
avoid interference of Fresnel’s reﬂectance from a sample
surface with the diffuse reﬂectance, it was provided that
specular beam leaves the integrating sphere through the
open port.
For processing the experimental data and determination of the optical properties of tissue, the combined
inverse method has been used. This method includes
inverse adding-doubling (IAD) method developed by
Prahl et al [10] and inverse Monte Carlo simulations.
The IAD method is widely used in tissue optics for
processing the experimental data of spectrophotometry
with integrating spheres [10–16]. This method allows to
determine theabsorption ðmaÞ and the reduced scattering
coefﬁcients m0s ¼ ms ð1  gÞ of a tissue from the
measured values of the total transmittance and the
diffuse reﬂectance. Here ms is the scattering coefﬁcient,
and g is the anisotropy factor of the scattering. In these
calculations the anisotropy factor has been ﬁxed as 0.9,
since this value is typical for the tissue in the visible and

NIR spectral ranges [17]. The main advantage of the
IAD method in comparison with many other methods
of solution of the radiative transfer equation is
connected with its validity for the arbitrary ratio of
the absorption and scattering coefﬁcients [10]. This
property of the IAD method becomes essentially
important in the case of determination of the optical
properties of tissues within the strong absorption bands,
when the values of the absorption and scattering
coefﬁcients become comparable. Other methods, for
example, diffusion approximation [18] or KubelkaMunk method [19], for their applicability require a
fulﬁllment of the condition ma =ms  1. The inverse
Monte Carlo technique [20] can also be used for
arbitrary ratio of ma and ms , but requires very extensive
calculations. The main limitation of IAD method is
connected with the possible loss of scattering radiation
through lateral sides of a sample at calculations [21].
Loss of light through the sides of the sample and sample
holder may erroneously increase the calculated value of
the absorption coefﬁcient. These losses depend on the
physical size and geometry of the sample, i.e., the losses
existing in the case, when the sizes of a sample do not
exceed signiﬁcantly the diameter of the incident beam.
The size of the exit and the entrance ports of the
integrating sphere are also important for errorless
measurements of the total transmittance and the diffuse
reﬂectance [21]. The tissue sample should completely
cover the port in the integrating sphere, and the distance
from the edge of irradiating beam on the sample to the
edge of the port should be much larger than the lateral
light
distance, which is determined as
 propagation

1 ma þ m0s . If not so, light will be lost out from the
sides of the sample and the loss will be attributed to
absorption, and so the absorption coefﬁcient will be
overestimated. These requirements have been met in our
experiments, since maximal size of the sphere port does
not exceed 20 mm, while the minimal size of the mucosa
samples is 20 mm. In addition, using the absorption and
the reduced scattering coefﬁcients of the tissue samples
presented below, in the next section, we calculated the
lateral light propagation distance. For the tissue the
maximal lateral light propagation distance is equal to
1.19 mm for the wavelength 1280 nm. Taking into
account the diameter of the incident beam (3 mm),
minimal size of a tissue sample has to be larger than
4.5 mm that was satisﬁed for each tissue sample under
study. It is seen, that the lateral light propagation
distance is smaller than the distance from the edge of the
irradiating beam on the sample to the sample port edge.
Besides, Pickering et al [21] have reported that area of
tissue sample has to be smaller than the area of the inner
surface of the integrating sphere. This requirement has
also been met in our experiments, since the area
of the inner surface of integrating sphere used in the
measurements was 314.16 cm2, while the area of the
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tissue samples does not exceed 6.0 cm2. Fig. 1 shows the
geometry and parameters of the measurements in the
transmittance and reﬂectance modes, respectively.
Calculation of the tissue absorption and reduced
scattering coefﬁcients by the IAD method was performed for each wavelength. The algorithm consists of
the following steps: (a) the estimation of a set of the
optical parameters; (b) the calculation of the reﬂectance
and transmittance with the adding-doubling iterative
method; (c) the comparison of the calculated with the
measured values of the diffuse reﬂectance and the total
transmittance; (d) iteration of the above steps until a
match (within the speciﬁed acceptance margin) is
reached. With this iterative process the set of optical
properties that yields the closest match to the measured
values of reﬂectance and transmittance are taken as the
optical properties of the tissue.
Based on the obtained values of the tissue absorption
and reduced scattering coefﬁcients the inverse Monte
Carlo calculations have been performed. The inverse
method includes direct problem, i.e. Monte Carlo
simulation, which takes into account the geometric
and optical conditions (sample geometry, sphere parameters, refractive index mismatch, etc.), and solution to
inverse problem, i.e. minimization of target function by
an iteration method. In this study, we used Monte Carlo
algorithm developed by L. Wang and S. Jacques [22].
The stochastic numerical MC method is widely used
to model optical radiation propagation in complex
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randomly inhomogeneous highly scattering and absorbing media such as biological tissues [17,20,23]. Basic MC
modeling of an individual photon packets trajectory
consists of the sequence of the elementary simulations
[22]: photon pathlength generation, scattering and
absorption events, reﬂection or/and refraction on the
medium boundaries. The specular reﬂection from the
air-glass-tissue interface is taken into account in the
simulations. At the scattering site a new photon packet
direction is determined according to the Henyey–Greenstein scattering phase function:
f HG ðyÞ ¼

1
1  g2
,
4p ð1 þ g2  2g cos yÞ3=2

where y is the polar scattering angle. The distribution
over the azimuthal scattering angle was assumed as
uniform.
Usually the inverse Monte Carlo technique requires
very extensive calculations since all tissue optical
parameters (absorption and scattering coefﬁcients and
anisotropy factor) are unknown. To avoid the lengthy
calculations in this study we used values of absorption
coefﬁcients obtained from calculations performed by
IAD method. Scattering coefﬁcients
have been calcu
lated from the relation ms ¼ m0s ð1  gÞ, where m0s values
have been obtained from IAD calculations. For
determination of the tissue anisotropy factor g minimization of the following target function has been

Fig. 1. The geometry of the measurements in (A) total transmittance mode, (B) diffuse transmittance mode, (C) reﬂectance mode.
1–the incident beam (diameter 3 mm); 2–the tissue sample; 3–the entrance port (square 20  20 mm); 4–the transmitted (or diffuse
reﬂected) radiation; 5–the integrating sphere (inner diameter is 100 mm); 6–the exit port (diameter 16 mm). LPD–the maximal value
of lateral light propagation distance.

ARTICLE IN PRESS
98

A.N. Bashkatov et al. / Medical Laser Application 22 (2007) 95–104

performed



2  exp

2
calc
F ðgÞ ¼ Rexp
ma ; ms ; g
þ T d  T calc
ma ; ms ; g
d
d  Rd



2
þ T exp
 T calc
ma ; ms ; g ,
t
t

with the boundary condition 0pgp0:98. To minimize
the target function the Levenberg-Marquardt nonlinear
least-squares-ﬁtting algorithm described in detail by
Press et al [24] has been used. Iteration procedure
repeats until experimental and calculated data are
matched within a deﬁned error limit (o0.5%). Here
exp
exp
calc
calc
calc
Rexp
are measured and
d , T d , T t , Rd , T d , T t
calculated values of diffuse reﬂectance and diffuse and
total transmittance, respectively.

the diffuse reﬂectance. Fig. 3 presents the wavelength
dependence of the tissue absorption coefﬁcient in the
spectral range from 400 to 2000 nm. The vertical lines
correspond to the values of standard deviation (SD),
which is determined as:
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
n 
X
2
SD ¼
m̄a  ma i =nðn  1Þ,
i¼1

where n ¼ 15 is number of the measured tissue samples,
mai is the absorption coefﬁcient of each sample, and m̄a is
the mean value of the absorption coefﬁcient for each
wavelength, which is calculated as
n
X

ma i =n.

i¼1

Results and discussion
Fifteen human stomach wall mucosa samples obtained from elective surgery were used for the in vitro
measurements. Fig. 2 shows the reﬂectance and transmittance spectra of the tissue sample measured in the
spectral range from 400 to 2000 nm. Thickness of the
sample is 1.070.1 mm. In the visible spectral range,
the form of the presented spectra is deﬁned by the
absorption bands of blood of the mucous tissue and
the spectral dependence of scattering coefﬁcient of the
tissue. In the infrared spectral range, absorption bands
of water of interstitial matrix deﬁne the form of the
spectra.
Figs. 3 and 4 show the measured optical properties of
the mucous tissue calculated by IAD method on the
basis of measured values of the total transmittance and

In the spectrum, absorption bands of blood hemoglobin
(420 and 550 nm [25]) and water (1450 and 1940 nm
[26,27]) are clearly visible. The absorption bands of
water located at 980, 1189 and 1787 nm [26,27] are
considerably less observed.
Fig. 4 presents the spectral dependence of the reduced
scattering coefﬁcient of the mucous tissue. This dependence was obtained by averaging of the spectra of the
reduced scattering coefﬁcient of the ﬁfteen samples of
the mucous tissue. It is clearly seen that, with increase of
wavelength, the reduced scattering coefﬁcient decreases
smoothly, which corresponds to the general spectral
behavior of the scattering characteristics of biological
tissues [28–30]. However, in the range of the strong
absorption bands of water (1450 and 1940 nm), the
shape of the scattering spectrum deviates from a
monotonic dependence. At the same time, in the range
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Fig. 2. The diffuse reﬂectance and total and diffuse transmittance spectra of human stomach wall mucosa sample. Thickness of the
sample is 1.070.1 mm.
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Fig. 3. The wavelength dependence of the absorption coefﬁcient of human stomach wall mucosa. The vertical lines show the
standard deviation values.
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Fig. 4. The spectral dependence of the reduced scattering coefﬁcient of human stomach wall mucosa and its approximation by
power law. The vertical lines show the standard deviation values.

of the water absorption bands with maximums at 980,
1189 and 1787 nm the effect is not observed.
In the spectral range 600–1500 nm for many tissues
the reduced scattering coefﬁcient decreases with the
wavelength in accordance with a power law m0s ðlÞ ¼
alw [28–30]. The wavelength exponent w characterizes
the mean size of the tissue scatterers and deﬁnes spectral
behavior of the reduced scattering coefﬁcient. Fig. 4
shows approximation of the wavelength dependence of
the reduced scattering coefﬁcient by the power law

m0s ðlÞ ¼ 164:3l0:446 þ 1:027  1012 l4 , where l is wavelength, nm. In the Fig. 4 it is seen, that in the spectral
ranges from 400 to 1350 nm and from 1600 to 1800 nm
this power law well approximates the experimental data,
in contrast to the data in the spectral range
1350–1600 nm and 1800–2000 nm, which corresponds
to strong water absorption bands.
Typically, the value of the wavelength exponent
obtained for aorta, skin, eye sclera, dura mater etc are
in the range from 1 to 2, which is deﬁned by the major
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scatterer type [29–34]. Doornbos et al [31] and Vargas et
al [33] reported the wavelength exponent as 1.11 and
1.12, respectively, in the spectral range 500–1200 nm.
Bashkatov et al [11] approximating the data of Simpson
et al [35] in the spectral range 620–1000 nm and Chan
et al [36] in the spectral range 400–1800 nm found w
equal to 1.4 and 1.13, respectively. However, for data of
Troy et al [16] in the spectral range 1000–1250 nm they
obtained w ¼ 0:7. Thus, it can be seen, that the
wavelength exponent values obtained from different
spectral ranges are various. In assumption that in the
visible spectral range (400–700 nm) refractive indices of
tissue scatterers and interstitial ﬂuid are 1.45 and 1.36
[17,29,30], respectively, the corresponding estimated
mean size of the scatterers are in the ranges from 0.2
to 0.5 mm. At the same time, it should be noted, that the
values indicate the mean size of scatterers only. In
contrast to this, we obtained a very low value of the
wavelength exponent, i.e. w ¼ 0:446, in the spectral
range 1350–2000 nm. This value is close to the value of
the wavelength exponent w ¼ 0:23 in the spectral range
900–1350 nm following from data of Du et al [37] and
w ¼ 0:22 [11]. This value is also close to the predicted
one by Graaff et al [38] for the mixture of large spherical
particles, i.e. m0s l0:37 . One of the possible reasons for
these large differences is the complex multi-component
structure of human tissues. The presence of large socalled Mie scatterers produces a weak wavelength
dependence of the scattering coefﬁcient in the IR
spectral range. However, in the spectral range
400–1000 nm the wavelength dependence of the reduced
scattering coefﬁcient could not be described by the
power law with w ¼ 0.446. In this spectral range the

reduced scattering coefﬁcient decreases abruptly and the
effect of the decreasing of the reduced scattering
coefﬁcient can be explained by contribution of small,
so-called Rayleigh scatterers, i.e. collagen and elastin
ﬁbrils. The Rayleigh scattering can be represented as
m0s ðRayleighÞ ¼ bl4 , where the factor b varies only with
the magnitude of Rayleigh scattering. The measured
reduced scattering coefﬁcient spectrum, which is a
combination of Mie and Rayleigh scattering spectra,
has been ﬁtted by:
m0s ðmeasuredÞ ¼ m0s ðMieÞ þ m0s ðRayleighÞ ¼ 164:3l0:446 þ bl4 ,

and the factor b has been estimated from the ﬁtting as
1.027  1012. In Fig. 4 is seen, that the combination of
the wavelength dependencies of the Rayleigh and Mie
scattering very well describes the measured wavelength
dependence of the reduced scattering coefﬁcient.
The fraction f Rayleigh of the total reduced scattering
that is due to Rayleigh scattering by collagen ﬁbrils can
be calculated as
f Rayleigh ¼

1:027  1012 l4
.
164:3l
þ 1:027  1012 l4
0:446

Result of the calculations is presented in Fig. 5. It is
seen, that in the visible spectral range the Rayleigh
scattering is dominant, but with the increase of the
wavelength the contribution of the Rayleigh scattering
decreases sharply and in the NIR the contribution is
insigniﬁcant.
The depth penetration of light into a biological tissue
is an important parameter for the correct determination of the irradiation dose in photothermal and
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Fig. 5. Fraction of total reduced scattering attributed to Rayleigh scattering.
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photodynamic therapy of various diseases [17]. Estimation of the light penetration depth d can be performed
with the relation:
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ


d¼1
3ma ma þ m0s .
Calculation of the optical penetration depth has been
performed with the absorption and reduced scattering
coefﬁcient values presented in Figs. 3 and 4 and the
result presented in Fig. 6. In Fig. 6, it is seen that
maximal penetration depth 1.9 mm is observed at the
wavelength 815 nm.
The effect of deviation of wavelength dependence of
the reduced scattering coefﬁcient from the power law
dependence, i.e. the increase of the reduced scattering
coefﬁcients in the spectral ranges 1350–1600 nm and
1800–2000 nm with peaks corresponding to the absorption bands, can be connected with the increase of
imaginary part of complex refractive index of the tissue
scatterers and interstitial ﬂuid in the range of the
absorption bands. The increase of the imaginary part
of the refractive indices produces signiﬁcant decrease of
the anisotropy factor g, which, along with the scattering
coefﬁcient ms of a tissue, forms the tissue reduced
scattering coefﬁcient. In [23] and [37] it was experimentally shown that in the range of water absorption bands,
with maximum at 1450 and 1930 nm, signiﬁcant
decrease of the anisotropy factor is observed that
produces the increase of the reduced scattering coefﬁcient and appearance of bands in its spectrum. Note,
that the degree of decrease of the anisotropy factor in
the range of absorption bands is proportional to
intensity of the absorption bands. This was conﬁrmed
by Fu and Sun [39] and Sun et al [40] who developed
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theory and computer model of light scattering on
scattering particles immersed in an absorbing host
medium. In the model these authors demonstrated that
for large scatterers immersed in an absorbing medium
decreasing of scattering coefﬁcient and signiﬁcant
decreasing anisotropy factor (up to negative values)
could be observed.
In Fig. 3 one can see, that in the spectral range
600–1350 nm the absorption of the mucous tissue is
small. Hence, the scattering properties of the tissue are
deﬁned only by the real part of complex refractive index
and the reduced scattering coefﬁcient decreases rather
monotonically with the wavelength (see Fig. 4). In the
spectral range 1350–2000 nm the absorption bands of
water are observed (see Fig. 3). The presence of the
strong absorption bands leads to the fact that the
scattering properties are formed not only under inﬂuence of the real, but also the imaginary part of a
complex refractive index of the scattering centers and
interstitial ﬂuid, that produces increasing of the reduced
scattering coefﬁcient in the given spectral region with
rather strong peaks in the range of the absorption
bands. Insigniﬁcant shift of maxima of the peaks in
spectrum of the reduced scattering coefﬁcient in
comparison with maxima of the absorption bands (see
Figs. 3 and 4) can be explained by anomalous light
dispersion, since within an absorption band the real part
of refractive index corresponding to the short-wavelength wing of the absorption band goes down, and at
the long-wavelength wing it goes up.
Using the inverse Monte Carlo method and values of
absorption and reduced scattering coefﬁcients calculated
by inverse adding-doubling method the wavelength
dependence of scattering coefﬁcient (see Fig. 7) and
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Fig. 6. The optical penetration depth d of light into stomach mucosa over the wavelength range from 400 to 2000 nm.
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anisotropy factor (see Fig. 8) of human stomach wall
mucosa have been calculated. From Fig. 7 it is clearly seen
that in the spectral ranges corresponding to the tissue
absorption bands the scattering coefﬁcient is signiﬁcantly
decreased and depth of the decrease is correlated with
intensity of the absorption bands. Fig. 8 shows the
spectral dependence of anisotropy factor of human
stomach wall mucosa. In Fig. 8 is seen that anisotropy
factor signiﬁcantly decreases in the spectral ranges
correspond to the tissue absorption bands. Such behavior

agrees with the experimental data presented in [23] and
[37] and theoretical calculations presented in [39] and [40].

Conclusion
The absorption and the scattering coefﬁcients, and the
anisotropy factor of the human stomach wall mucosa in
vitro have been determined over the wavelength range
400–2000 nm using the integrating sphere technique, and
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the combined method based on the inverse addingdoubling and Monte Carlo methods. In this spectral
range the absorption bands of hemoglobin at 420 and
550 nm and water at 980, 1189, 1450, 1787, and 1940 nm
are observed. For the human stomach wall mucosa tissue
in the spectral range from 400 to 2000 nm, the wavelength
dependence of the reduced scattering coefﬁcient can be
described as m0s ðlÞ ¼ 164:3l0:446 þ 1:027  1012 l4 . The
presented results can be used for the development and
optimization of optical diagnostic, therapeutic and
surgical systems and can be useful in tissue optics.

mediante un espectrofotómetro CARY-2415, disponible
comercialmente, con una esfera integradora. Con el ﬁn
de determinar los coeﬁcientes de absorción y dispersión
y el factor de anisotropı́a a partir de las mediciones,
se utilizó una combinación del método IAD
(Inverse Adding-Doubling) y la Simulación inversa de
Monte Carlo.
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