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Abstract.  We present the optical characteristics of the mucosa and 
submucosa of human colon tissue. The experiments are performed 
in  vitro using a LAMBDA 950 spectrophotometer in the 
350 – 2500 nm spectral range. The absorption and scattering coef-
ficients and the scattering anisotropy factor are calculated based on 
the measured diffuse reflectance and total and collimated transmit-
tance spectra using the inverse Monte Carlo method. 

Keywords: integrating sphere spectrophotometry, inverse Monte 
Carlo method, mucous membrane, submucous membrane, absorp-
tion coefficient, scattering coefficient, reduced scattering coeffi-
cient, scattering anisotropy factor. 

1. Introduction 

Knowledge of  the optical characteristics of  tissues  is one of 
the  key  issues  in  the  development  of  mathematical  models 
that adequately describe the propagation of light in biological 
tissues, which  in  turn  is crucial  for  the development of new 
optical methods used in various fields of biology and medi-
cine [1, 2]. At the same time, in spite of a considerable number 
of papers devoted to the determination of optical parameters 
of biological tissues [1 – 10], their optical properties in a wide 
wavelength range are currently poorly studied, even though 
the  analysis  of  visible  and near-IR  radiation  absorption by 
biological tissues is crucial to the development of the methods 
of optical diagnosis, endoscopic surgery, photodynamic and 
photothermal therapy of various diseases, including cancer. 

A key issue in the prevention of colon cancer is the diag-
nosis  and  treatment  of  pre-cancer  [11 – 13].  Unfortunately, 
despite  the  undoubted  social  significance  of  the  problem, 
laser  scalpels  in  surgical  endoscopy  of  the  colon  have  not 
found wide application yet.  In particular,  this  is due  to  the 

lack  of  science-based  criteria,  which  would  allow  endosco-
pists and laser surgical instrument developers to use an opti-
mal laser wavelength for surgery [13] and to choose the most 
suitable type of laser, respectively. 

One of the criteria on which this selection can be done is 
an objective analysis of the optical characteristics of colon tis-
sue. Previously, they were studied in papers [14 – 19]. However, 
the investigation of the optical characteristics was performed 
only in the visible wavelength range (360 – 685 nm) [14]; in the 
ranges of 400 – 1100 nm [15], 300 – 700 nm [16], 300 – 800 nm 
[17]; and only at particular wavelengths (850, 980 and 1060 nm 
[18], 476.5, 488, 496.5, 514.5, 532 nm [19]). At the same time, 
the rapid development of laser technology and the consequent 
emergence of new types of lasers require the determination of 
the optical characteristics of tissues in a much broader range 
of  wavelengths.  In  addition,  the  authors  of  all  the  above 
papers  investigated  the  optical  properties  of  the  entire  bio-
logical tissue on the whole rather than separate layers. 

In light of the above, the purpose of this paper is to mea-
sure the optical properties of mucous and submucous mem-
branes  of  the  human  colon  in  the  350 – 2500  nm  spectral 
range. 

2. Materials and methods 

In  the  study we used 20 samples of human colon  tissue  (10 
samples  of  the  mucosa  and  10  samples  of  the  submucosa) 
taken from different 40-to-60-year-old patients in the course 
of routine operations or histological sectioning. Immediately 
after surgery or autopsy the tissue samples were placed in a 
0.9 % aqueous  solution of NaCl and stored  therein prior  to 
the  spectral  measurements  for  8 – 12  h  at  a  temperature  of 
4 °C. The area of each sample was 500 – 600 mm2. To measure 
the  thickness,  the  samples  were  placed  between  two  glass 
slides; measurements were  performed with  a micrometer  at 
several  points.  The  average  thickness  of  the  samples  was 
0.56 ± 0.41 mm with a ±50 mm accuracy of each measurement. 

The optical properties of biological  tissues were  investi-
gated in the 350 – 2500 nm spectral range using a LAMBDA 
950  integrating  sphere  spectrophotometer  (PerkinElmer, 
USA),  which  is  a  two-channel  diffraction  monochromator 
having an  integrated control and signal registration system. 
The size of the light beam incident on the sample during the 
measurement  of  diffuse  reflectance  and  total  transmittance 
was 1 ́  4 mm, and the scanning speed was 5 nm s–1. To mea-
sure  collimated  transmittance  we  used  a  specially  designed 
add-on device, which consisted of a holder to fix the sample of 
biological  tissue  and  a  system  of  four  diaphragms  (Fig.  1) 
with a diameter of 2 mm each. All measurements were per-
formed at room temperature (~20 °C). 
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For the results of the experiments to be processed and 
the  optical  parameters  of  the  mucous  membrane  to  be 
determined, we used a combined method, the first stage of 
which  involved  the measurement data handling using  the 
inverse  adding-doubling method  [20]. Then,  the  resulting 
values  of  the  coefficients  of  absorption  ma,  scattering  ms 
and  scattering  anisotropy  factor g were  refined using  the 
inverse Monte Carlo (IMC) method by minimising the tar-
get function 
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calc   are  diffuse  reflectances  and  total 
and collimated transmittances experimentally measured and 
theoretically  calculated  by  the Monte  Carlo  (MC)  method 
[21], taking into account the geometry of the medium under 
study and  the  experiment. As a minimisation procedure we 
used  the Nelder – Mead  simplex method  described  in  detail 
elsewhere  [22].  The  iterative  procedure  continued  until  the 
measured  and  calculated  data  were  matched  with  a  given 
accuracy (less than 0.1 %). Figure 2 shows a block diagram of 
the method used. 

As the initial values of ma, ms and g in the block of the ini-
tial parameters, we used the solutions to the system of equa-
tions (1) – (3) [20]: 
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where mt = ma + ms is the attenuation coefficient (cm–1);  m's = 
ms(1 – g) is the reduced scattering coefficient (cm–1); and l is 
the thickness of the measured sample of biological tissue (cm). 

In  the block of  the  initial parameters we  set  the  sample 
and measurement geometry, the parameters of the integrating 
sphere, etc. After  the  introduction of  the  initial parameters, 
the experimental data were processed by the inverse adding-
doubling method, the main purpose of which  is  to obtain a 
more  accurate  initial  approximation.  Since  the main  draw-
back of the IMC method is a high computational burden, the 
use of the inverse adding-doubling method at the first stage 
can  significantly  minimise  this  parameter  and  significantly 
reduce  the computational  time of  the optical parameters of 
tissues. 

At the next stage we performed MC simulation of diffuse 
reflectances and total and collimated transmittances,  taking 
into account the real geometry of a biological tissue sample 
and measurements, and compared the calculated values with 
the  experimentally  measured  values  of Rd, Tt  and Tс.  The 
given accuracy having been reached, the process stopped and 
the calculated values of ma, ms and g were written in a file. If 
the difference between the experimentally measured and theo-
retically calculated values of Rd, Tt and Tс was higher than the 
initially  specified computational accuracy, we used  the  sim-
plex method to modify  the value of ma, ms and g. Then,  the 
process was repeated until the required accuracy of matching 
the experimental and calculated values of Rd, Tt and Tc was 
achieved. 

3. Results and discussion 

Figures  3 – 6  show  the  absorption  and  scattering  spectra  of 
colon wall tissue, calculated by the IMC method based on the 
experimental values of  the coefficients    R exp

d , T
exp
t  and T exp

c . 
The absorption spectra of  the mucosa and submucosa were 
obtained in the 350 – 2500 nm spectral range (Fig. 3). The ver-
tical  lines in Figs 3 – 6 correspond to the standard deviation 
calculated by the formula 
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where N  =  10  is  the  number  of  measured  samples  of  the 
mucosa or submucosa; mai is the absorption coefficient of the 
ith sample of biological tissue; and 
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age value of the absorption coefficient at each spectral point. 
The spectrum in Fig. 3 has clearly visible absorption bands of 
water with maxima at 1185, 1450 and 1945 nm [23, 24] and of 
haemoglobin with maxima at 410, 545 and 575 nm [25]. The 
absorption bands of water with maxima at 975 and 1785 nm 
are much less pronounced. The observed increase in absorp-
tion in the region over 2200 nm is a short-wavelength arm of 
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Figure 1. Scheme of the add-on device for measuring collimated trans-
mittance of samples of biological tissue; D is a Æ 2 mm diaphragm.
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Figure 2. Block diagram of the method used for determining the optical 
parameters of biological tissues.



781Optical properties of human colon tissues in the 350 – 2500 nm spectral range

the absorption band of water with a maximum at 2950 nm 
[23, 24]. The increase in the standard deviation of the absorp-
tion coefficient, observed in the absorption bands, indicates a 
different content of water and haemoglobin in different sam-
ples of biological tissue. 

For comparison, Fig. 3 shows the experimental data pre-
sented in [15 – 19]. One can see that they and our data agree 
quite well, except for the results presented in [16, 17] for the 
blue-green region of the spectrum. These differences are due 
to the use of different methods of experimental data process-
ing. Thus, the optical characteristics in [16] were reconstructed 
using the Kubelka – Munk method [26, 27], and in [17]  –  using 
the  one-dimensional  solution  to  the  equation  of  radiative 
transfer in the diffusion approximation [28]. Since the meth-
ods  [26 – 28]  are  approximate  ones  for  solving  the  radiative 
transfer equation, their use for the processing of the experi-
mental data apparently  leads  to  the observed differences  in 
the values of the absorption coefficients obtained in this work 
and in [16, 17]. 

Comparison of the absorption spectra of the mucosa and 
submucosa  shows  that  the  absorption  in  the mucous mem-
brane is higher than that in the submucous one. This is par-
ticularly  noticeable  in  the  spectral  region  from  1000  nm  to 
2500 nm. The difference is mainly due to higher water content 
(the main chromophore of the tissue under study in this spec-
tral region) in the mucosa compared with the submucosa [29]. 
In addition, there is an optical mechanism of enhancement of 
the absorption due to multiple scattering. As a rule,  for the 
light propagation in biological tissues to be analysed, use  is 
made of statistical modelling based on the discrete representa-
tion of photons and description of the processes of multiple 
scattering  and  absorption  by  the  MC  method.  Under  this 
approach, the fundamental difference between a weakly and a 
strongly  scattering  medium  is  that  in  the  second  case,  the 
mean free path of photons between the interactions with the 
structural  elements  of  biological  tissue  that  are  responsible 
for the absorption of photons, is significantly less than in the 
first case. Therefore, as a result of overexposure of absorbing 
centres  by  multiply  scattered  photons,  the  fraction  of 
absorbed photons in a strongly scattering medium can, ceteris 
paribus, be greater than in a weakly scattering medium with 

the same amount of absorbing particles due to an increase in 
the number of interactions. The above-described mechanism 
of enhancement of the absorption due to multiple scattering 
was previously discussed with reference  to problems photo-
thermal therapy [30], and computer simulations performed in 
this work qualitatively confirmed the contribution of multiple 
scattering  to  an  increase  in  the  absorption.  As  seen  from 
Figs 4 and 5,  the scattering  in the mucosa prevails over  the 
scattering in the submucosa. This fact is responsible, in com-
bination with higher water content, for a stronger absorption 
in the mucous membrane (see Fig. 3). 

Figure 4 shows the spectra of the reduced scattering coef-
ficient of the mucosa and submucosa of the colon wall, which 
were obtained by averaging the spectra measured for each of 
the 20 samples of biological tissue. It is clearly seen that in the 
region from 350 to 1300 nm, the reduced scattering coefficient 
gradually decreases towards longer wavelengths, which is on 
the whole consistent with the general character of the spectral 
behaviour  of  the  scattering  characteristics  of  biological  tis-
sues. However, starting from 1300 nm, when the wavelength 
is increased, the spectral behaviour of the reduced scattering 
coefficient becomes diametrically opposite and we observe a 
deviation from the monotonic dependence in the region of the 
absorption bands. 

The deviation of the spectral dependence of the scattering 
characteristics  from the monotonic dependence  is explained 
by an increased influence of the imaginary part of the com-
plex refractive index of the scattering centres (collagen fibres 
in this case) in the region of the absorption bands. According 
to the Mie theory, the scattered light intensity is mainly deter-
mined by the complex refractive index of the scatterers of bio-
logical tissue [31], and the growth of the imaginary part of the 
complex refractive index in the region of the absorption bands 
leads  to  a  change  in  the  scattering  cross  section  and  in  the 
reduced  scattering  coefficient  in  this  spectral  region.  The 
increase in the imaginary part of the complex refractive index 
of  the  scatterers  causes  a  significant  decrease  in  scattering 
anisotropy factor g, which, along with the scattering coeffi-
cient  ms  of  biological  tissue,  generates  the  spectrum  of  the 
reduced scattering coefficient ms’ = ms(1 – g). 

The authors of [32, 33] have previously shown experimen-
tally that in the region of the absorption bands of water with 
maxima  at  1450  and  1945  nm,  g  decreases.  This  inevitably 
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leads to an increase in ms' and the appearance of bands in its 
spectrum,  a  decrease  in  scattering  anisotropy  factor  in  the 
absorption bands being proportional  to  the  intensity of  the 
absorption bands. The authors of [34, 35] developed a theory 
and built a computer model to explain this behaviour of the 
reduced scattering coefficient spectrum. The data presented in 
Fig. 4 are in good agreement with those mentioned above. In 
the  350 – 1300  nm  region,  the  absorption  of  water  is  either 
insignificant or the absorption bands are characterised by low 
intensities (see Fig. 3 and the data of [23, 24]). Therefore, the 
formation of  the ms'  spectrum in  this region  is mainly deter-
mined by the real part of the complex refractive index, and the 
ms'  spectrum decreases  rather monotonically  towards  longer 
wavelengths.  In  the  1300 – 2500  nm  region,  the  absorption 
spectrum demonstrates sufficiently strong absorption bands 
of water, and so the formation of the spectrum is influenced 
not only by the real but also by the imaginary part of the com-
plex refractive index of the scattering centres of biological tis-
sue, which is manifested as an increase in light scattering in 
this spectral region with sufficiently strong peaks in the region 
of the absorption bands. 

Comparison of our data with those presented in [14 – 19] 
shows a fairly good agreement between them (see Fig. 4). At 
the same time, one can clearly see that the data from [14, 19] 
lie in the range between the values of m s'  for the mucous and 
submucous membranes, and the data from [15 – 18] are lower 
than the values of ms' for the submucous membrane, which is 
due to differences in the methods of storage and preparation 
of  the samples  for spectral measurements. Firstly,  in all  the 
previous  studies  [14 – 19],  measurements  were  carried  out 
without separating the mucosa and submucosa of colon tis-
sues. In addition, when preparing samples  [15, 16, 18],  they 
were subjected to deep freezing at temperatures from 203 [15] 
to  77  K  [18],  and  in  the  latter  case,  the  samples  were 
homogenised. It is obvious that deep freezing and homogeni-
sation of tissue samples resulted in a change of the scattering 
characteristics.  This  is  apparently  the  main  reason  for  the 
observed differences between our data and the data presented 
in [15, 16, 18]. In the blue region of the spectrum, the differ-
ences between our results and those of [17] are caused by the 
use of a one-dimensional solution to the equation of radiative 
transfer in the diffusion approximation [28] in the course of 
processing, which apparently led to a significant overestima-
tion of the absorption coefficient and an underestimation of 
the  reduced  scattering  coefficient.  Our  results  of  measure-
ments and the data from [14, 19] (see Fig. 4) are in good agree-
ment.  Because  the  authors  of  [14,  19]  did  not  separate  the 
mucosa and submucosa, the averaging of the ms' values for the 
mucosa and submucosa give a better agreement with the data 
from [14, 19].

As was shown in papers [1 – 3, 5, 7, 36 – 40], in the visible 
and  near-IR  spectra  the  dependence  of  both  the  scattering 
coefficient and the reduced scattering coefficient  is approxi-
mated with good accuracy by a power function of the wave-
length l, which has the form: ms'(l) = al–w, where the parame-
ter a is determined by the concentration of the scattering cen-
tres of biological tissue and the ratio of the refractive indices 
of  the  scatterers  and  their  surrounding  medium,  and  the 
parameter w (wavelength exponent) characterises the average 
size of the scatterers and determines the spectral behaviour of 
the scattering coefficient. Figure 4 shows the approximations 
of  the  spectra  of  the  reduced  scattering  coefficients  of  the 
mucous and submucous membranes by the functions ms'(l) = 
3.966 ́  1010l–3.415 + 538.083l– 0.611 and   ms'(l) = 1.807 ́  1010l–

3.488 + 561.889l– 0.754, respectively, where l  is taken in nano-
metres.  It  is  seen  that  these  functions well  approximate  the 
experimental  data  in  the  350 – 1300  nm  spectral  range,  as 
opposed to the 1300 – 2500 nm spectral range demonstrating 
their discrepancy. The fact that the approximating functions 
are a combination of two power functions indicates the for-
mation of the spectrum of the reduced scattering coefficient 
by  at  least  two  types  of  scatterers.  The  first  term  of  the 
approximating  function  is  responsible  for  the  scattering  of 
light caused by small enough (though not Rayleigh ones with 
w = 4) scatterers, such as mitochondria of cells, some collagen 
fibres, etc. The second term corresponds to sufficiently large 
scatterers  (Mie  scatterers),  such  as  fibre  bundles  or  their 
plexus  as well  as  cell membranes or  other  sufficiently  large 
components of epithelial cells. 

Comparison of the functions approximating the ms' spectra 
of the mucous and submucous membranes indicates that the 
effective sizes of the scatterers of these types of tissues are vir-
tually equal. At the same time it is clear that when compared 
to the submucosa, the mucous membrane comprises a larger 
number of  small  scatterers, which  is  in  full  accord with  the 
structural features of biological tissues in question. 

Figure 5 shows the spectra of the scattering coefficients of 
the mucosa and submucosa of the human colon wall, which 
were obtained by averaging the corresponding spectra mea-
sured for each of 20 samples of biological tissue. It is clearly 
seen  that  in  the  350 – 1800 nm  region,  the  scattering  coeffi-
cient gradually decreases towards longer wavelengths, which 
on the whole corresponds to the general character of the spec-
tral behaviour of the scattering characteristics of the tissues. 
However,  starting  from 1800 nm,  the  increase  in  the wave-
length is accompanied by an increase in the scattering coeffi-
cient and the appearance of peaks in the absorption bands of 
water, which  is  explained by  the  increasing  influence of  the 
imaginary part of the complex refractive index of the scatter-
ing centres in this region. 

One can see from Fig. 5 that the values of the scattering 
coefficient [19] lie in the range between the values of the scat-
tering  coefficient we measured  for  the mucous  and  submu-
cous membranes,  because  the  authors  [19]  did not  separate 
the scattering characteristics of the mucosa and submucosa. 
The averaging of  the values of  the  scattering coefficient  for 
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the mucosa and submucosa will provide good agreement with 
the results of [19]. The data presented in [18] are almost identi-
cal with our values of the scattering coefficient for the submu-
cosa,  which  is  apparently  due  to  very  deep  freezing  and 
homogenisation of tissue samples made in [18]. 

Figure 5 shows the approximations of the spectral depen-
dences of the scattering coefficient of the mucosa and submu-
cosa  by  the  functions ms(l) =  138.896l–3.443 +  14460l– 0.617  и 
ms(l) = 125.725l–3.594 + 999.947l– 0.368,  respectively.  It  can be 
seen that these functions well approximate the experimental 
data  in  the  350 – 1800  nm  spectral  range,  and  in  the 
1800 – 2500 nm range we observe a discrepancy between the 
experimental results and the approximating dependence. As 
in the case of ms', the approximating functions are a combina-
tion of two power functions, indicating the formation of the 
scattering coefficient spectrum by at least two types of scat-
terers. 

Figure 6 shows the spectral dependences of the scattering 
anisotropy factor of the mucous and submucous membranes 
of the colon tissues and their approximation by the function  
g(l) = 0.77 + 0.18[1 – exp(– (l – 378.7)/111.1)] and g(l) = 0.77 + 
0.19[1 – exp(– (l – 380.4)/128.1)] , respectively. The experimen-
tal data in the 350 – 1300 nm region are well approximated by 
these functions, and the analysis carried out in [5, 6] suggests 
that  in  the visible  region  the  shape of  the  scattering anisot-
ropy spectrum is influenced by both small and large particles, 
while  in  the  near-IR  region  the main  contribution  is made 
only by large enough scatterers, as evidenced by the growth of 
g with increasing l. In the 1300 – 2500 nm spectral region, we 
observe  a  significant  decrease  in  g  with  sharp  dips  in  the 
absorption bands of water, which  is  explained by  the  influ-
ence of the imaginary part of the complex refractive index of 
the scatterers and their surrounding medium. 

One can see from Fig. 6 that in the 350 – 1300 nm region 
the spectral dependences of  the scattering anisotropy factor 
of  the  mucosa  and  submucosa  almost  coincide  with  each 
other,  which  confirms  the  conclusion  (made  previously  by 
analysing  the  spectra  of  the  reduced  scattering  coefficient) 
about  the proximity of  the effective size of  the mucosa and 
submucosa scatterers. The experimental data of [18, 19] pre-

sented in Fig. 6 are in good agreement with those obtained in 
the present work. 

4. Conclusions 

Development of the methods of laser surgery requires knowl-
edge  of  the  optical  characteristics  of  biological  tissues  in  a 
wide  range  of  wavelengths.  In  this  study,  we  have  studied 
experimentally the optical parameters of the mucosa and sub-
mucosa of human  colon  tissue. The  experiments have been 
performed in vitro using a LAMBDA 950 spectrophotometer 
in the 350 – 2500 nm spectral range. By using the experimen-
tally measured spectra of diffuse reflectance and total and col-
limated  transmittance  with  the  help  of  the  inverse  MC 
method, we have calculated for the first time the absorption 
and scattering spectra of the mucosa and submucosa. 

The results obtained can be used to develop new and to 
optimise  existing  surgical  techniques  of  gastrointestinal 
endoscopy of various diseases. 
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