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Online determination of biophysical parameters of mucous

membranes of a human body

S.A. Lisenko, M.M. Kugeiko

Abstract. We have developed a method for online determination of
biophysical parameters of mucous membranes (MMs) of a human
body (transport scattering coefficient, scattering anisotropy factor,
haemoglobin concentration, degrees of blood oxygenation, average
diameter of capillaries with blood) from measurements of spectral
and spatial characteristics of diffuse reflection. The method is based
on regression relationships between linearly independent components
of the measured light signals and the unknown parameters of MMs,
obtained by simulation of the radiation transfer in the MM under
conditions of its general variability. We have proposed and justified
the calibration-free fibre-optic method for determining the concen-
tration of haemoglobin in MMs by measuring the light signals
diffusely reflected by the tissue in four spectral regions at two dif-
ferent distances from the illumination spot. We have selected the
optimal wavelengths of optical probing for the implementation of
the method.

Keywords: endoscopy, mucous membrane, optical parameters, bio-
physical parameters, diffuse reflectance, optical measurements,
inverse problem, multiple regressions.

1. Introduction

The diagnosis of tumours is one of the most urgent problems
of modern oncology and surgery. Early diagnosis and effec-
tive treatment at early stages of the disease can be important
factors for a favourable outcome of the disease, increase the
survival rate and improve the quality of life of cancer patients.

The primary means of diagnosis of malignant diseases of
the respiratory tract and the gastrointestinal tract is endo-
scopy during which pieces of a mucosa are taken for a biopsy.
The results of the study provide information about the patho-
logical changes in the mucous membranes (MMs) and help to
determine the structure of the tumour, which is important for a
decision on further treatment strategies. The disadvantages of
surgical biopsies are invasiveness, high cost, inability to mul-
tiple repetitions of the procedure, and delay in the appoint-
ment of therapy. In addition, surgical biopsy is not for every
patient because of the severity of their condition.

It is known that the optical properties of the tumour and
surrounding normal tissues are significantly different. Optical
methods for the study of biological tissues [1—-3] can reduce
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the number of cases of an invasive biopsy and the cost of its
implementation. Among these methods, the simplest and most
effective are the methods of diffuse reflectance (DR) spectro-
scopy [3—6]. The DR spectra of mucous membranes are typi-
cally measured by using fibre mini-probes introduced or
embedded in the instrument channel of the endoscope. In the
simplest case, the fibre probe may comprise two fibres placed
at a fixed distance from each other. One optical fibre is used
for delivering radiation to the tissue (excitation channel), the
other — to receive the backscattered light (detection channel)
[4—6]. Biophysical parameters of a tissue that characterise its
structure and component composition are assessed by com-
paring the calculated and experimental DR spectra of the tissue.
The main drawback of these measurements is the impossibility
of separating the contributions of absorption and scattering
in the measured spectral signals, which leads to ambiguity of
the solution to the corresponding inverse problem.

Measurements of scattered light at several distances from
the illumination spot [3,7,8] in principle allow one to deter-
mine independently the absorption and transport scattering
coefficients of the tissue under study. To this end, using one of
the methods of the theory of radiative transfer we may solve
the inverse problem on the interpretation of the measured
spatial profiles of the intensity of radiation scattered by the
tissue. Generally, for these purposes, either the Monte Carlo
method [9] or the diffusion approximation [10] is employed.
The first method requires large computational efforts and
is therefore not suitable for online quantitative interpretation
of the experimental data of endoscopic studies (especially in
the case of many optical probe wavelengths). The second
method imposes restrictions on the geometry of the scheme
for measuring scattered radiation (the distance between the
illuminating and receiving fibres should exceed the length of
the transport free path of a photon, which, as a rule, is larger
than the diameter of the endoscope instrument channel) and
is applicable only in the spectral region of low absorptions
of tissue chromophores (4 = 600-900 nm). In this regard,
oncology and surgery still lack a simple and reliable optical
method, which makes it possible to quickly and accurately
identify biophysical parameters of a suspicious tumour and
its surrounding normal tissue in endoscopic studies.

A new method of interpretation of the data of optical
probing of light-scattering media has been proposed in [11-13].
The essence of the method is to find the solutions to the
inverse problem using multiple regressions between the mea-
sured optical characteristics and sought-for parameters of
the medium obtained by simulating radiative transfer in the
medium in question under conditions of their general vari-
ability. This method allows one to determine the parameters
of the medium in real time without solving the equation of
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radiative transfer and without the use of complex mathematical
algorithms for solving inverse problems. In this paper, on the
basis of this method we solve the problem of an online deter-
mination of biophysical parameters of mucous membranes
by spectral and spatial characteristics of their DR measured
during endoscopy.

2. Measuring the diffuse reflection coefficient

Figure 1 shows the scheme of a device for spectral measure-
ments of the DR of biological tissues with a spatial resolution.
The scheme includes a light source unit ( /), a monochroma-
tor (2), a fibre-optic probe ( 3) equipped with the illuminating
and receiving fibres, a detection unit (5) and a unit processing
the measured information (6). Light from the light source
(1), passed through the monochromator (2), is coupled into
the fibre-optic probe (3) and delivered to the tissue (4)
through this probe. In one scenario, shown in Fig. 1b, the
fibre-optic probe (3) can comprise two illuminating fibres
(excitation channels) (7) between which are sandwiched the
receiving fibres (detection channels) (&8). The spacings
between the illuminating and receiving fibres should not
exceed the diameter of the endoscope instrument channel, the
typical values of which are 2—3 mm. Radiation diffusely
reflected by the tissue (4) is coupled into the receiving fibres
(8) and through them into the photodetectors or is focused
by the microlens (9) onto the CCD-sensor (/0). Thus, the
radiation is recorded simultaneously in all spatial detection
channels. A comparison of the DR signals from symmetrically
spaced excitation channels allows us to estimate the degree of
homogeneity of the illuminated volume and thus to choose
the best tissue site for measurements. After measuring the
signals the data obtained are processed by unit (6), where
they are analysed to determine the biophysical parameters of
the tissue.

The measured signals U(L,A) in the fibre-optic scheme
under consideration depend on the spectral and spatial profile
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Figure 1. (a) Block diagram of the experimental setup for spectral mea-
surements of the DR of biological tissues with a spatial resolution and
(b) scheme of location of excitation and detection channels in a fibre-
optic probe.

of the DR of the tissue, U(L,4), as well as on the instrumental
constants and spectral light source power Py(4):

U(L,A) = Py(A) R(L,A) (1) S(), (1)

where L is the distance between the centres of the illuminating
and receiving fibres; 4 is the wavelength of light; S(A) is the
spectral sensitivity of the receiver; and 7(1) is the transmis-
sion function of the optical system. Profiles R(L,4) are found
by comparing the signals U(L,A) with the signals Py4(L,A) cor-
responding to the standard sample:

U-— Udark

R =R 2
sud Usld - Udark ’ ( )

where Ry is the DR of the standard sample and Uy, (L,4) is
the signal power in the absence of illumination, determined
by the dark current. It should be noted that the coefficient
R4 depends not only on optical parameters of the sample, but
also on the collecting ability of the fibres [4, 6], and therefore its
calculation must take into account the numerical aperture of
the fibres and their geometric configuration.

3. Interpretation of the measurement results

The measured profiles R(L,A) are conveniently represented
as a vector of measurements of r from N, = N;N; com-
ponents, where N; and N; are the number of spectral and
spatial channels of DR signal. For the convenience of work-
ing with numbers of the same order we will use a logarithmic
representation of the experimental data, i.e., the components
rwill be r, =-InR(L;,A)), where | <i < N;,1<j< N, and
n = (i — 1)N, +j. Using principal component analysis [14, 15],
the vector r can be decomposed into a system of orthogonal
vectors, where the best approximation for r is its expansion
in the eigenvectors of its covariance matrix

LSk = (k= . 3)

S, ==
nm 00, =

where ¥ = (7;) and o = (0,) are the mean value and the vari-
ance of the vector r, defined on the basis of the K ensemble of
realisations of r. In this case, the expansion of any realisation
of r has the form:

r=r+ VE, )

where V = (v,...,vp) is the matrix of size N, XP, whose
columns are the eigenvectors v, of matrix (3); P is the number
of used eigenvectors (P < Np); and &€ = (&, ...,Ep) are lin-
early independent components, which are found as the pro-
jections of r on the space of the vectors v,:

E=Vi(r-r), (5)

where the superscript ‘t” denotes transposition.

Due to the rapid convergence of the expansion in ques-
tion, the first eigenvectors corresponding to the largest eigen-
values of the matrix (3) make the greatest contribution to the
change in the vector r. Thus, it is possible to significantly
reduce the dimensionality of the original data and to select
several linearly independent components, which contain as
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much information as in the original data. In this case, the
required parameters of the tissue x = (x;) can be found directly
from the linearly independent components, for example using
polynomial regressions:

P M

lnxk = a(’fo + Z Za§n1(§[,)m, (6)
p=1m=1

where al’,‘m are the regression coefficients that depend on

the design parameters of the measuring device (optical fibre
diameters, their geometrical configuration, numerical aper-
tures) and the wavelengths of the probe radiation; and M is
the degree of the polynomial which is selected based on the
value of residual dispersion (usually for statistical approxima-
tion of relationship between € and x it is sufficient to use
M = 3). The use of the logarithm in (6) allows one to achieve
approximately equal approximation error throughout the
x, range and eliminates the possibility of obtaining negative
values of x;.

Thus, the inverse problem should be solved by using ana-
lytical expressions relating the required parameters of the tissue
with the linearly independent components of the R(L, A) pro-
file. These analytical expressions can be derived by regression
analysis of the results of the calculation of R(L,A) by the
Monte Carlo method for different parameters of a medium
simulating a biological tissue under investigation. Let us con-
sider in more detail the process of obtaining the vectors 7, v,
and multiple regressions (6) using the optical MM model.

4. Optical model of a mucous membrane

It is known that the main parameters characterising the prop-
agation of optical radiation in a scattering medium are the
absorption coefficient &, the scattering coefficient f and the
scattering indicatrix or its average cosine g. In the optics of
biological tissues which are very turbid media, to describe
the light fields it is needed to know not the values of § and g
but their combination — the transport scattering coefficient
B'=p(1-g).

The spectrum of the MM absorption coefficient k(A) is
modelled as a linear combination of the absorption spectra
of the bloodless (connective) tissue k(4) and capillaries with
blood ky(4):

k(A) = ki(A) + a(2) forkpi(4), (N

where £y is the volume fraction of capillaries; and « is the cor-
rection factor that takes into account the difference between
the absorptive capacity of the blood uniformly distributed over
the tissue volume and the blood localised in the capillaries.
Barun and Ivanov [16] studied the effect of localised absorp-
tion of light in detail and showed that for randomly distributed
capillaries of diameter D, the factor a with a reasonable degree
of accuracy can be defined by the expression:

— exp[—Tthui (4) Dy (1 — 0.043ky D,)/2V3] ®)
TCkb](l) D, :

a(A) =2v3 !

In the visible region of the spectrum the main light-absorb-
ing chromophores of blood are oxy- (HbO») and deoxyhaemo-
globin (Hb). In this connection, the expression for its absorp-
tion coefficient is:

kepi(4) = (Cirp In(10) /1) [SSHbOZ(}') + (1 =Seu(D], 9)

where Cyyp 1S the concentration of haemoglobin in blood;
Wb = 64500 g mol~! is the molar mass of haemoglobin; €HbO,
and epy, are the molar absorption coefficients of HbO, and Hb
[17]; and S is the degree of blood oxygenation.

One can see from (7) and (9) that the absorption of radia-
tion by the blood is determined by the product f,,Cyy, rather
than by the values f;,; and Cyyy, separately. Consequently, from
the optical experiments we can determine only the given
product. In this connection, for the parameter Cyy, we use
below a fixed value, corresponding to the normal level of
haemoglobin in blood, i.e., 150 g L.

The dependence of the absorption by a bloodless tissue on
the wavelength A in the visible region of the spectrum is well
approximated by an exponential function

kis(4) = Aexp[-B(4 - Ay)], (10)
where o = 600 nm, and 4 (mm™") and B (nm™') are empirical
parameters [4,18-20].

The spectral dependence of the transport scattering coef-
ficient of the tissue can be described with a good degree of
accuracy by a smooth power-law function [3,4,8,20-24]

B'(A) = C(AylA)', an
where 1 = 600 nm, and C and v are the structural parameters
of tissue characterising the volume fraction and the size of its
‘effective’ scatterers. To describe the single scattering indica-
trix of the tissue, use is made of a one-parameter Henyey—
Greenstein function [9] with an average cosine of the scatter-
ing indicatrix g.

Thus, the optical MM model is determined by the param-
eters g, A, B, C, v, fy1, Cip, Dy and S. In addition, to account
for the reflection of the incident light from the tissue surface
and multiple reflections of the induced diffuse radiation
between the inner layers and the surface of the tissue, it is
necessary to have information about its refractive index 7.
Below we present following ranges of variations in model
parameters selected by analysing the results of various authors
[3-5,18-27] for normal and tumoured MMs of the oral cavity,
oesophagus, gastrointestinal tract and lungs.

The ranges of variations in the optical MM model

s« o o e e e 1.35-1.45
Amm™)y. o 0.01-0.1
Bmm™) . ... (1-28)x1073
Cmm™). ... ... 0.5-3.0
Vo 1.0-2.5
o 0.5-0.95
T Ch) 0.5-20
Dy(UM) . .. 5-30
S) e o 40-98

We will vary the model parameters independently of each
other, but we will make sure that in every combination the
values of the optical parameters of the tissue derived from
formulas (7)—(11) lie within the ranges observed in the experi-
ment. On the basis of the above data, we have selected the
following limitations: 8'(700 nm) > 0.2 mm™', k(632 nm) =
0.02—0.5 mm™', k;;(450 nm) < 0.35 mm™!, A’(632 nm) = 0.5-0.98,
where A'=f'/(k + ') is the transport single-scattering albedo
of a tissue.
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5. Scheme of the simulated experiment

In this paper, we consider the following scheme for fibre-optic
measurements of the DR of the tissue. Radiation is adminis-
tered into the medium by an illuminating optical fibre.
Radiation scattered by the tissue into the back half-space is
coupled into the receiving optical fibres spaced by the dis-
tance L =0.23, 0.46, 0.69, 0.92 and 1.15 mm from the centre of
the illumination spot. The core diameter of all the fibres
is equal to 0.2 mm. The detection channels with L > 1.15 mm
are not considered because of the smallness of the corre-
sponding optical signals and also because of the high prob-
ability of horizontal inhomogeneity of the corresponding
volumes of light—tissue interaction.

The ensemble of realisations of the biophysical parameters
of the tissue and its spectral and spatial DR characteristics
corresponding to the above-described scheme of optical mea-
surements is formed by multiple solutions of the direct prob-
lem by the Monte Carlo method for different combinations
of parameters of the optical model of the tissue. The profiles
R(L,A) are calculated numerically as follows. The values of the
model parameters of the above ranges are randomly selected.
For each realisation of the parameters we calculate k(1) and
B'(A) by (7)—(11) at 26 wavelengths characterising the main
features of the spectral curves of the MM chromophore
absorption in the range from 450 to 700 nm. In accordance
with the obtained values of k(4), 8'(1), g and n by the Monte
Carlo method we simulated the profile R(L,1). The tissue
phantom is a cylinder with a radius of 10 mm and a height
of 5 mm. The dimensions are chosen so that on the one hand,
to eliminate the effect of the boundaries and on the other, to
reduce the calculation time. In the calculation we assumed
that the radiation is introduced into the medium in the direc-
tion of the normal to its surface and uniformly distributed over
the cross-section area of the illuminating fibre. The numerical
apertures of all the fibres are conventionally assumed equal to
1.0 [of course, in solving the problem of interpreting the real
fibre-optic measurements, the profiles R(L,4) must be calcu-
lated strictly in accordance with the values of the apertures
of the fibres and the angular distribution of radiation injected
into the medium). The number of photons used in the Monte
Carlo method was chosen as a function of the transport single-
scattering albedo and was varied from 6x10% at A’ < 0.3 to
2x10% at A" > 0.9. This procedure was repeated for 103 realisa-
tions of R(L,4), which, as will be shown below, is sufficient to
obtain statistically significant results.

6. Retrieval of the biophysical parameters
of mucosa

The spectral and spatial profile —In R(L,1), obtained with the
help of the scheme for optical measurements, is presented in
Fig. 2. The set of points in the profile forms a measurement
vector r, corresponding to particular values of the biophysi-
cal parameters of the tissue. On the basis of an ensemble of
similar representations of r, corresponding to the widest pos-
sible variations in the biophysical parameters of the tissue,
we calculated the average measurement vector » and eigen-
vectors v, of the covariance matrix (3). Next, using formula
(5) we found the linearly independent components (€) of all
the realisations of r and using the least-squares method we
derived multiple regression equations between & and model
parameters x. The thus obtained vectors r, v, and regressions
between x and & can be used for online determination of bio-
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Figure 2. Profile —InR(L,A) calculated by the Monte Carlo method
for the following values of the model parameters: n;, = 1.4, g = 0.73,
A=002mm"!, B=0.012nm", C=1.64 mm, v=16,f% =232%,
Cup=150g L7, D, =25 um, S = 70%.

physical parameters of the tissue by the measured characteris-
tics of its DR.

The optimal number of biophysical parameters in the
regression formula (6) for each of the model parameters x; is
determined by the closed numerical experiment as follows.
Realisations of all the model parameters are searched for and
x; 1s calculated for each realisation with the help of (5), (6)
(using P vectors v,) by superimposing on R(L,A) the random
deviations within 8R, modelling errors of optical measure-
ments. The resulting values of x; are compared with the values
of x;, corresponding to the realisation in question, and the
retrieval errors of x; are calculated. After searching all the
realisations the average retrieval error of x; is calculated. The
optimal value of P corresponds to the minimum of this error.

The above numerical experiments were performed for the
following biophysical parameters: Fy, = f1,1Ci, 1S the haemo-
globin concentration in the tissue (g L™'); S is the oxygen
saturation; C and v are the parameters of the spectral depen-
dence of the transport scattering coefficient of the tissue; g is
the average cosine of the scattering indicatrix; and D, is the
average diameter of capillaries. The dependences of the average
errors (dx;) of the parameters’ retrieval from the profiles
R(L,A), when the errors are superimposed on R(L,1) within
1%, 5% and 10%, are shown in Fig. 3. One can see that at
small errors of optical measurements (8R = 1%), errors in dx;,
decrease with increasing P. When 8R = 5%—-10%, 9 to 12
linearly independent components of the profile R(L,1) are
optimal for the retrieval of the parameters under study.

The values of the biophysical parameters of the tissue, for
which the profiles of R(L,A) were calculated, and the values of
these parameters, retrieved from R(L,4) at P =11 and R = 0%,
are compared in Fig. 4. Also are shows the average retrieval
errors of the parameters. Since the parameters were retrieved
without the superimposition of the errors on the profiles of
R(L,A), the spread of the points on the plots with respect to the
straight line x; = x; allows one to judge the sensitivity of the
results of the x; parameter retrieval to the variations of all
the other parameters of the tissue, i.e., the impact of an a priori
uncertainty.
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Figure 3. Dependences of the average retrieval of the parameters on the number of vectors v, when superimposing on R(L,A) random deviations in
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Figure 4. Results of retrieval of the parameters Fyyp, S, C, v, g and D, using 11 linearly independent components of the profile R(L,1).

7. Calibration-free method for determining
the concentration of haemoglobin in the tissue

It is known that the cancer tissues are characterised by
enhanced blood circulation in comparison with normal tis-
sues; therefore, the data on the amount of haemoglobin can
help distinguish benign from malignant neoplasms. However,

an increase in tissue capillary hyperaemia cannot always be
detected visually or by analysing the colour endoscopic image
because the light scattering characteristics of the tissue change
due to pathological changes in its structure. In this regard, the
development of a simple and reliable method of noninvasive
determination of haemoglobin concentration in biological
tissues is an extremely important task.
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Above, to determine the biophysical parameters of the
tissue, we used quite a large number of spectral and spatial
channels for detecting radiation reflected by the tissue. This,
on the one hand, makes it possible to increase the stability of
the inverse problem solution to the errors of optical measure-
ments and, on the other hand, increases the measurement
time, requires the use of expensive and complex spectrometers
and complex optics in the radiation detection unit. Moreover,
for finding the coefficients R(L,A) it is necessary to perform
the calibration measurements. From the standpoint of eco-
nomic feasibility, ease of implementation and convenience of
practical application, of greatest interest is the calibration-
free method for determining the haemoglobin concentra-
tion in the tissue (Fiyp), based on the detection of radiation
reflected by the tissue at several spectral regions.

We can eliminate the need for calibration of the measur-
ing device by determining the parameters of the tissue from
the difference DR signals: (1) = In[P(L,,A)/P(L,A)]. As fol-
lows from (1), the signals (4) do not depend on the instru-
mental constants and the power of radiation incident on the
tissue; they are are determined only by the effective optical
thickness of the path travelled by radiation between two
receiving optical fibres. In this regard, we consider the pos-
sibility of retrieving Fyyy;, from spectral measurements of r(4).

The minimum number of spectral regions needed to
retrieve Fiyy, can be determined on the basis of closed numerical
experiments. The components of the vector r are the spectral
values of r(4); therefore, the number of linearly independent
components of r corresponds to the number of independent
probe wavelengths N;. The dependence of the Fy, retrieval
error on N; was analysed for the difference signals corre-
sponding to the maximum optical path between the receiving
optical fibres in the above scheme of optical measurements,
ie., Ly = 0.23 mm and L, = 1.15 mm. The results of such an
analysis show that at the measurement error r(1) equals to
5%—10%, Fyp can be determined by using only four probe
wavelengths. Thus, the problem of planning Fy, measure-
ments is reduced to a choice of four optimal spectral regions.
This choice was made by a computer search of all possible
combinations of the original set of 4 (26 values) and the evalu-
ation of the corresponding error in the Fy, retrieval.

It is obvious that the interpretation of (1) measurements
in four spectral regions is not possible with the use of rigorous
mathematical methods for solving inverse problems, since the
number of measurements is less than the number of model
parameters. However, the regression method [11-13] allows
us to solve the inverse problem even in the case of a small
number of optical measurements. In this case, as the operator
of the inverse problem [transformation operator of (1) into
Fi] we used the polynomial regression of the form:

N, 6
In Ry = aoo+ ), D dun[r(Zn)]”.

n=1m=1

(12)

The optimal set of 4, in equation (12) depends on the Fyy,
retrieval accuracy and stability of this equation to random
deviations dr of the corresponding spectral values of r(4,).
Influence of & on the result of the Fyyy, retrieval is evaluated
on a model ensemble of realisations of Fyy, and r(4,) by per-
forming a closed numerical experiment in which for all reali-
sations of r(4,) Fygp is calculated using (12) with the super-
imposition of random deviations in within & = 5% on r(4,,).
After the search through all the realisations we calculated the
ensemble-averaged error of the Fyyy, retrieval, which serves

as a criterion for selecting the optimum combination of 4,,.
For the considered set of 26 wavelengths, such a combination
isA; =480 nm, A, = 574 nm, A3 = 586 nm and A, = 630 nm. The
corresponding error of the Fyy;, retrieval is 9.2% and 10.8%
at 0r = 1% and 5%, respectively. The regression coefficients
(12) corresponding to the selected wavelengths are shown in
Table 1.

Table 1. Regression coefficients a,,, between In Fyyy, and r(4,) (agy =
~4.1742).

m

n

1 2 3
1 2.1791 0.3204 0.0183
2 -7.5811 -1.2871 -0.0677
3 4.6361 1.1887 0.0706
4 -3.1531 -1.5916 -0.1688

The presented results are the basis of a simple method for
determining the haemoglobin concentration in tissues of a
human body. The method is based on measuring the signals
of light (at wavelengths of 480, 574, 586 and 630 nm) reflected
by the tissue at two different distances from the illumination
spot and on the use of multiple regression (12) between the
spectral values of the difference signals and the haemoglobin
concentration.

Thus, regression relationships between the biophysical
parameters of the tissue and spectral and spatial characteris-
tics of the DR make it possible to process in real-time the
experimental data, and thus to conduct an online diagnosis of
the mucous membranes directly during their endoscopy.
Knowledge of biophysical parameters of a suspicious neo-
plasm and the surrounding normal tissue may be helpful to
improve the diagnosis of a malignant process and to deter-
mine its prevalence and severity, which in turn will reduce the
use of invasive biopsy and its cost.

References

1. Bigio L.J., Bown S.G. Cancer Biol. Ther., 3, 259 (2004).

2. Andersson-Engels S., Klinteberg C., Svanberg K., Svanberg S.
Phys. Med. Biol., 42, 815 (1997).

3. Dam J.S. PhD Thesis (Lund Institute of Technology, 2000);
http://www.atomic.physics.lu.se/fileadmin/atomfysik/
Biophotonics/PhD_ Theses/ PhD_Thesis_Jan_S_Dam.pdf.

4. Bargo P.R., Prahl S.A., Goodell T.T., Sleven R.A., Koval G.,

Blair G., Jacques S.L. J. Biomed. Opt., 10, 034018-1 (2005).

5. Amelink A., Bard M.P., Burgers S.A., Sterenborg H.J. Appl.
Opt., 42, 4095 (2003).

6. Palmer G.M., Ramanujam N. Appl. Opt., 45, 1062 (2006).

7. Kienle A., Lilge L., Patterson M.S., Hibst R., Steiner R., Wilson B.C.
Appl. Opt., 35,2304 (1996).

8. Tseng T.Y., Chen C.Y., Li Y.S., Sung K.B. Biomed. Opt. Express,
2,901 (2011).

9. Wang L., Jacques S.L., Zheng L. Comput. Methods Programs
Biomed., 47, 131 (1995).

10. Farrell T.J., Patterson M.S., Wilson B.C. Med. Phys., 19, 879
(1992).

11. Kugeiko M.M., Lisenko S.A. Zh. Prikl. Spektrosk., 74, 650 (2007).

12. Lisenko S.A., Kugeiko M.M. Opt. Spektrosk., 114, 105 (2013)
[Opt. Spectrosc., 114, 251 (2013)].

13. Lisenko S.A., Kugeiko M.M. Zh. Prikl. Spektrosk.,79, 932 (2012).

14. Zuev V.E., Komarov V.S. Statisticheskie modeli temperatury
i gazovykh component zemnoi atmosfery (Statistical Models of
Temperature and Gas Components of the Earth’s Atmosphere)
(Leningrad: Gidrometeoizdat, 1986) p.264.

15. Veselovskii 1., Kolgotin A., Miiller D., Whiteman D.N. 4ppl.
Opt., 44, 5292 (2005).



Online determination of biophysical parameters of mucous membranes

689

16. Barun V.V, Ivanov A.P. Opt. Spektrosk., 96, 940 (2004) [ Opt.
Spectrosc., 96, 1019 (2004)].

17. Prahl S.A. http://omlc.ogi.edu/spectra/hemoglobin/index.html.

18. Qul., MacAulay C., Lam. S., Palcic B. Appl. Opt., 33,7397 (1994).

19. Saidi I. http://scholarship.rice.edu/handle/1911/19082.

20. Jacques S.L. Adv. Opt. Imaging Photon Migrat., 2, 364 (1996).

21. Mourant J.R., Bigio L.J., Boyer J., Conn R.L., Johnson T., Shimada T.
Lasers Surg. Med., 17, 350 (1995).

22. Ghosh N., Mohanty S.K., Majumder S.K., Gupta P.K. Appl. Opt.,
40, 176 (2001).

23. Bashkatov A.N., Genina E.A., Kochubey V.I., Gavrilova A.A.,
Kapralov S.V., Grishaev V.A., Tuchin V.V. Med. Laser Appl.,
22,95 (2007).

24. Giraev K.M., Ashurbekov N.A., Lakhina M.A. Zh. Prikl.
Spektrosk., 78, 104 (2011).

25. WeiHJ., Xing D., LulJ.J.,, GuHM., Wu G.Y.,Jin Y. World J.
Gastroenterol., 11, 2413 (2005).

26. Zonios G., Perelman L.T., Backman V., Manoharan R., Fitzmaurice M.,
Van Dam J., Feld M.S. Appl. Opt., 38, 6628 (1999).

27. Hidovié-Rowea D., Claridge E. Phys. Med. Biol., 50, 1071 (2005).



