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DETERMINATION OF THE TISSUE ANISOTROPY FACTOR DURING 
THE PHOTOMETRY BY ELLIPSOIDAL REFLECTORS 

Background. The features of scattering anisotropy factor determination in the research of thick biological tissue samples. 
Objective. The purpose of the paper is development and testing of new method of tissue scattering anisotropy factor 
determination. The method is based on the analysis of illuminance of different zones of photometric images, received 
during the photometry by ellipsoidal reflectors. 
Methods. For implementation of ideas and assumptions, the paper applies basics of photometry by ellipsoidal reflectors 
for real and model experiments, with the implementation of direct and inverse Monte Carlo method for light propaga-
tion in biological tissue. Additionally, principles of zone analysis of photometric images illuminance, received during 
the photometry by ellipsoidal reflectors, are applied. 
Results. Based on the results of real experiment, the research represents input data set for Monte Carlo simulation of 
light propagation in biomedical photometer with ellipsoidal reflectors. Considering the modeling, the selection of critical 
thickness of samples of chicken and porcine muscle tissues was reasoned for further comparison with the results of real 
experiment. Dependencies of illuminance of different zones of photometric images for the selected thicknesses in the 
significant range of anisotropy factor value change were received. Anisotropy factors were determined in the spatial 
scattering cross sections. There was performed the comparative evaluation of character of photometric image zone 
illumination dependency for samples of various muscle tissues of similar thickness, and different thicknesses of selected 
tissue. Based on the developed method the specificities of real experiment results reproduction during the determination 
of scattering anisotropy factor by the illuminance values of photometric images, received during the simulation are 
shown. 
Conclusions. Method of the mirror ellipsoid of revolution (which was used during the experiment with biological tissues 
samples in reflected and transmitted light) isn’t limited by the functionality of preliminary estimation of quantity of 
cross section for further spatial analysis and investigation of scattering indicatrix. Photometry by ellipsoidal reflectors 
can be applied as the separate method for determination of the magnitude of the scattering anisotropy factor based on 
the results of model and numerical experiments, and the developed procedure.  
Keywords: ellipsoidal reflector; photometry; scattering anisotropy factor; tissue anisotropy factor.  

Introduction 

Scattering anisotropy factor is one of the indi-
cators, determining optical properties of biological 
tissue. Scattering and absorption coefficients, and 
refractive index form the biometrical basis, with the 
help of which the identification of biological media 
is possible. The goal of such identification is deter-
mination of changes, caused by various pathologic 
processes [1—6]. 

From the analytic interpretation standpoint, 
the tissue anisotropy factor is the probability char-
acteristic, which reveals the phase scattering func-
tion in the main equation of radiative transfer theo-
ry [7, 8]. For biophotonics methods and means for var-
ious biological tissues, the one-time Mie scattering 
and Reynolds-McCormick (RMPF), Eddington and 
Delta-Eddington, and Henyey-Greenstein (HGPF) 
phase functions are most widely used. Besides, the 
HGPF is considered as the best standard for 

simulation of light propagation in biological tissues 
(BT), and, therefore, for solution of inverse tasks in 
optical biomedical diagnostics [9—12]. During the 
transition to the one-time scattering function based 
on the measured scattering indicatrix on the thick 
biological samples, mathematical apparatus for go-
niometric measurements is used [13—17]. 

Among used technical tools for determining the 
optical properties of tissues based on the measured 
optical coefficients of transmittance and reflectance, 
photometers with ellipsoidal reflectors (ER) can be 
considered as the most informative ones [18]. They 
can be considered as the successful alternative for 
integrating spheres. Photometers with ellipsoidal re-
flectors, used in combination with ray-tracing prin-
ciples in biological tissue and ellipsoidal reflector [19], 
and Monte Carlo simulation of light propagation, 
allow estimating the spatial distribution of forward 
and back scattered light on various laser source 
parameters [20]. 
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The proceedings [21—23] represent that the 
scattering anisotropy has non-axial symmetry char-
acter, which is extremely true for fiber biological tis-
sues. In such case, photometry by ellipsoidal reflec-
tors is used as the method of preliminary estimation 
of the asymmetry of scattering indicatrix in the solid 
angle range of 4 , and the quantity of cross sections 
is determined [22], which is necessary to perform 
the averaging of anisotropy factor. From the other 
side, the Monte Carlo simulation of light propaga-
tion in the system “BT + ER” occurs from the 
standpoint of the scattering phase function axial 
symmetry. The differential estimation of spatial dis-
tribution by cross section can be ensured similar to 
the real experiment [21—23]. However, authors of 
the current research consider that the use of photo-
metric images, which were derived from the method 
of mirror ellipsoids of revolution during the modal 
experiment in reflected and transmitted light, is fea-
sible for specifying the tissue anisotropy factor, 
which was received during the real experiment. 

Problem statement 

Considering the mentioned information, the 
goal of the current investigation is development of 
the method for determination of tissue scattering 
anisotropy factor by the analysis of illuminance of 
different zones of photometric images, received dur-
ing the photometry by ellipsoidal reflectors. 

Photometer with ellipsoidal reflectors 

In the current research the modification of the 
photometer with ellipsoidal reflectors was used, 
which was similar to ones, used in the proceedings 
[18—22, 24]. Fig. 1 represents the photometer 
scheme, which contains ellipsoidal reflectors for 
transmitted (ER 1) and reflected (ER 2) light, opti-
cal hoods OH 1 and OH 2, adjusting optical systems 
L 1 and L 2, and cameras CCD 1 and CCD 2. 

Ellipsoidal reflector is a mirror ellipsoid of revolu-
tion with internal reflecting surface, which was cut 
by focal planes orthogonally to its major semi-axis; 
at the same time its minor semi-axes are equal. By 
means of the reflecting prism P, which was fitted in 
the laser source tube, the optical radiation is di-
rected into the biological tissue sample, which is lo-
cated between ER 1 and ER 2 in the corresponding 
focal planes. Laser source tube is centered relatively 
to the minor semi-axis of ER 2, and prism P refracts 
the optical axis on 90  in the ellipsoid center. For-
ward and back scattered light leave the borders of 
biological tissue, which coincides with the first focal 
planes ER 1 and ER 2 and collected by them. Due 
to the one-time and multiple reflections from the 
side surfaces of ellipsoids, the light is transmitted in 
their second focal plane for further projecting on the 
photo-receiving surface of CCD cameras by the ad-
justment optics L 1 and L 2. It is important to note 
that the first focal plane of ellipsoidal reflector (ac-
cording to terminology, introduced in procee- 
dings [19, 20, 25]) is the contact surface with the inves-
tigated media, and can be called bottom one; at the 
same time, the second focal plane is called top one, 
and it is the surface for formation of photometric 
image. Conic hoods OH 1 and OH 2 have internal 
black opaque surface, they are used for limitation of 
undesirable over-reflectance, which can occur due 
to the non-uniform actuation of side surface of ER 
and diffraction on the tube of laser source in prism. 

Fig. 2, a, b represents the photometric image 
model of forward and back scattered light on the 
surface of chicken muscle tissue sample with the 
thickness 2.14 mm, which was received during the 
simulation [19] using optical hoods, optical systems, 
and CCD cameras without ellipsoidal reflectors. 
Fig. 2, c, d demonstrates the 3D model of forward 
and back scattered light, which leave the biological 
tissue sample (the blue color axis coincides with the 
light distribution direction). The beam length on 
Fig. 2, c, d is normalized on the initial photon 
weight, which entered the biological media. 

Fig. 1.  Photometer with ellipsoidal reflectors 
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Fig. 2, e, f represents the photometric images 
of the second focal plane of ER, received during the 
simulation of light propagation in the same biologi-
cal tissue with the use of ellipsoidal reflectors for 
scattered light collecting. Fig. 2, g, h represents pho-
tometric images in scattered and transmitted light in 
the real experiment. 

During analysis of Fig. 2, it is possible to ob-
serve advantages of ellipsoidal reflectors using during 
the scattered light photometry from both stand-
points: increased specific weight of registered radia-
tion, and information about intensity of spatial zone 
distribution. The boundary zone (external ring [25]) 
of photometric image characterizes the wide-range 
scattering of BT sample, formed as a result of mul-
tiple reflections from underside and upper parts of 
ellipsoidal reflectors. 

Methods and tools 

As the initial data for model experiment, in the 
current research were used optical properties of 
chicken and porcine muscle tissues (the Table) with 
transversal fiber positioning were used. Such data 
were derived from previous investigations of authors 
for non-frozen sections of various thicknesses on the 
laser wavelength 632.8 nm [21, 22]. The specified 
optical properties have good correlation with values, 

represented in proceedings of other authors [26—28] 
for muscle tissues of both chicken and porcine. 

Table. Optical properties of muscle tissue 

Tissue ,a  sm 1 ,s sm 1 n HGg

Porcine 
muscle 

1.68 45.4 1.40 0.964—0.982 

Chicken 
muscle 

0.9 229.9 1.37 0.946—0.984 

For modeled estimate there were used average 
values for absorption a and scattering s coeffi-
cients, and in addition the range of HGPF anisot-
ropy factor change, which was received on various 
cross sections [21] for samples of various thick- 
ness [13]. Despite the significant dependency of pre-
cision of one-time scattering anisotropy factor de-
termination from scattering indicatrix for biological 
tissues thickness sample [29], the research investi-
gates the influence of value gHG of specific thickness 
on the light scattering in forward and back directions 
during the photometry by ellipsoidal reflectors. 

The dependency of optical coefficients of dif-
fuse reflectance Rd, absorption A, and total trans-
mittance T from the thickness of investigated sample 
for different values of tissue anisotropy factor is rep-
resented on Fig. 3. 

Fig. 2. Light scattering by the chicken muscle tissue sample with thickness 2.14 mm: photometric images of top (a) and bottom (b) 
surfaces of BT sample; 3D visualization of back (c) and forward (d) scattered photons; photometric images of second focal 
plane of ER as a result of Monte Carlo simulation, and as a result of real experiment in reflected (e, g) and transmitted (f, h) 
respectively 
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a 
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Fig. 3. Optical coefficients of diffuse reluctance Rd, total trans-
mittance T and absorption A from tissue thickness for 
porcine (a) and chicken (b) muscle tissue 

Considering the correlation between theoreti-
cal and practical values of illuminance of different 
zones of photometric images, described in proceed-
ings [19, 25], and specificities of the graphs of por-
cine and chicken muscle tissues optical coefficients 
(Fig. 3), it is possible to forecast BT sample thick-
nesses, for which there will be observed the brightest 
distributions of diffuse transmitted and reflected 
light during the photometry by ER. In this specific 
case, for the muscle tissue of chicken such thick-
nesses are within the range 0.01—5 mm and for por-
cine muscle tissue in the range 0.025—7.5 mm. For 
the modeled similarity, during the further simulation 
assume to use the thickness 1 mm for both tissues, 
and also thicknesses 0.05 mm and 2.5 mm for 
chicken muscles, and 3 mm and 4 mm for porcine 
muscles. The mentioned values define the boundary 
thicknesses, which were investigated in the real ex-
periment. 

Investigation results 

Monte Carlo simulation of light propagation in 
the system of biomedical photometer with ellipsoi-
dal reflectors [19, 25] foresees the launch of 21.5 mil-
lion of photons with Gauss cross-section profi- 
le [20] of single-mode radiation of He-Ne laser. The 
variable value during the simulation was the tissue 
anisotropy factor (see the Table). As a result of mod-
eling, photometric images of second focal plane of 
ellipsoidal reflectors in reflected and transmitted 
light for muscle tissues of porcine (Fig. 4) and 
chicken (Fig. 5) were received. 

Fig. 4. Photometric images of light scattering, obtained at photometry by ellipsoidal reflectors for the sample of porcine muscle tissue 
1 mm thick in the simulation for reflected (a), (c) and (f) as well as transmitted (b), (d) and (h) light respectively for anisotropy 
factor g = 0.964 (a, b), g = 0.972 (c, d), g = 0.982 (f, h) 
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Fig. 4 shows that the illuminance of external 
and middle rings [19, 25] of photometric images in 
both reflected and transmitted lights changes insig-
nificantly (depending on the change of the porcine 
muscle tissue anisotropy factor). Other character 
can be observed for the similar dependency for 
chicken muscle tissue. It can be clearly observed on 
Fig. 5 that the illuminance of the middle ring in the 
scattered light decreases, and in transmitted light — 
increases. For quantitative estimation there were 

used principles of zone analysis for photometric im-
age processing during the photometry by ellipsoidal 
reflectors [25], and the results for normalized illu-
minance relatively to the incident light are repre-
sented in pix/sm2. 

Figs. 6, 7 represent the illuminance of different 
zones of photometric images for porcine and 
chicken muscle tissue samples with different thick-
ness depending from the scattering anisotropy factor 
during the modeling and real experiments. 

Fig. 6. Illuminance of external (dashed line) and middle (solid line) rings of photometric images of porcine muscle tissue samples 
of various thicknesses in reflected (a) and transmitted (b) light 
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Fig. 5. Photometric images of light scattering, obtained at photometry by ellipsoidal reflectors for the sample of chicken muscle tissue 
1 mm thick in the simulation for reflected (a), (c) and (f ) as well as transmitted (b), (d) and (h) light respectively for anisotropy 
factor g = 0.946 (a, b), g = 0.962 (c, d), g = 0.984 (f, h) 
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Graphs on Figs. 6, 7 are linear approximation 
of modeled experiment results during the processing 
of photometric images, which were received as a 
single simulation for every value of tissue anisotropy 
factor. Such approximation by the least squares 
method has good precision and insignificant diver-
gence comparing to graph, which was constructed 
as an averaging of external and middle rings illumi-
nance level for 10 simulations series for each value 
of tissue anisotropy factor. On Figs. 6, 7, there are 
represented real experiments data for porcine mus-
cle tissue sample of thickness 1 ± 0.018 mm,  
3 ± 0.021 mm, and 4 ± 0.023 mm; and additionally 
for chicken samples of thickness 0.05 ± 0.008 mm, 
1 ± 0.02 mm, and 2.5 ± 0.02 mm [21]. 

Comparing the dependency of illuminance of 
chicken muscle tissue sample photometric images 
(Fig. 6, a) and porcine (Fig. 7, a) of thickness 1 mm 
from values of anisotropy factor, it can be noticed 
the tendency for rapid decrease in external ring il-
luminance in reflected light, and moderate reduc-
tion of middle ring illuminance. At the same time, 
in the back scattered light the absolute illuminance 
values for muscle tissues of different animals and for 
various zones of photometric images drop sharply. 
Thus, the external ring illuminance for porcine mus-
cle tissue exceeds more than 1.5 times the one of 
middle ring. At the same time, in the significant 
range of anisotropy factor change the external ring 
illuminance for chicken muscle tissue is more than 
75 % lower than such of middle ring. Moreover, the 

middle ring illuminance for chicken muscle tissue 
exceeds the similar parameter for porcine tissues 
more than three times; and the illuminance of ex-
ternal ring is almost similar for both investigated tis-
sues. The relative illuminance for different zones of 
photometric images (created considering possible 
beam movement trajectories in ER) can express the 
part of photons, interacted with different parts of 
ellipsoidal reflector. The ray-tracing mechanism, 
which was proposed by authors in [19], demonstrate 
that photons (which set the middle ring illuminance 
of photometric image) have more remote coordi-
nates of exit from BT comparing to incident area, 
and higher deflection from the initial direction. 
Such photons will interact with underside of ellip-
soidal reflector with higher probability. The moder-
ate reduction of external ring illuminance for por-
cine and chicken muscle tissues samples depending 
on the anisotropy factor reveals the reduction of 
quantity of back scattered beams, significantly de-
flected from the incident axis. This notion is true for 
range of zenith angles inside the aperture range, 
formed by the second focal plane of ER with diam-
eter equal to doubled focal parameter of ellipsoid of 
revolution. In such case, the probability of rays 
reaching the upper part of ER is higher. Considering 
that the values of optical properties (like absorption 
coefficient, refractive index, and anisotropy factor 
(see the Table)) are commensurate for both tissues, 
and additionally consider the practical identity of 
external rings illuminance, the fact that scattering 

Fig. 7. Illuminance of external (dashed line) and middle (solid line) rings of photometric images of chicken muscle tissue samples of 
various thicknesses in reflected (a) and transmitted (b) light 
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coefficient value is determinant in the formation of 
middle ring illuminance is obvious. Moreover, the 
larger scattering coefficient leads to the increase of 
the middle ring illuminance in photometric image 
in the back scattered light. 

Let’s consider the illuminance of different 
zones of photometric images for samples of muscle 
tissues of chicken (Fig. 6, b) and porcine (Fig. 7, b) 
1 mm thick in the transmitted light. The main dif-
ference between these two graphs is tangent of in-
clination of lines: for porcine muscle tissue it is pos-
itive, while for chicken one — is negative. Let’s con-
sider the tendency of illuminance change for differ-
ent zones of photometric images for both muscle 
tissues depending on the various thicknesses of sam-
ples (Figs. 6, 7). It is obvious that positive or nega-
tive deflection of lines directly correlates with the 
character of change of optical coefficients of trans-
mission, absorption, and diffuse reflectance (Fig. 3) 
for the thickness of investigated BE sample. Authors 
consider that the diffusive reflectance coefficient 
(the part of rays, scattered in the opposite direc- 
tion to the incident light) has the determinative in-
fluence. 

Thus, the methodology for determination of 
tissue scattering anisotropy factor by the ellipsoidal 
reflectors method is following. Prior to receiving of 
photometric images by the photometer with ER 
(which operates in both reflectance and transmit-
tance directions), it is necessary to determine the 
thickness of the investigated sample of BT in the 
format .d d  After that, photometry with ellipsoi-
dal reflectors is performed and the illuminance of 
external and middle rings of photometric images is 
determine [19, 25]. By inverse Monte Carlo met-
hod [30] the optical properties of investigated tissue 
are calculated, which refers to initial data for Monte 
Carlo simulation of light propagation in the system 
“BT + ER” (to initial data there also refer thickness 
and reflectance coefficients) [19]. The simulation is 
performed for three values of investigated BT thick-
ness ( ; ; )d d d d d  in the significant range of 

anisotropy factor change for creation of photometric 

images in the receiving plane of CCD camera. Based 
on the zone analysis [25] and further averaging of 
illuminance for the defined thicknesses of investi-
gated BT, the dependencies of external and middle 
ring of photometric images illuminance in the sig-
nificant range of tissue anisotropy factor change for 
forward and back scattered light are created. Photo-
metric image illuminance values, received in the ex-
periment, are plotted on graphs (which were re-
ceived during Monte Carlo simulation), and deter-
mine average values of scattering anisotropy factor 
on the series of measurements. The corresponding 
quantity of graphs with plotted results of real exper-
iment during the investigation of samples of the 
same BT with various thickness are constructed. The 
scattering anisotropy factor value is averaged by re-
sults of all investigated sample thicknesses. 

The practical realization of such method (as it 
can be observed on Figs. 6, 7) has well result repro-
duction during the investigation of animal muscle 
tissues. However, it requires additional approbation 
during the investigation of other BT. In addition, 
the dependency of anisotropy factor from the sam-
ple thickness can’t be linearly averaged in all cases. 
The mentioned aspects will be additionally investi-
gated in future research of authors. 

Conclusions 

The mirror ellipsoid of revolution method dur-
ing the experiment with biological tissues samples in 
reflected and transmitted light isn’t limited only by 
the functionality of preliminary estimation of sec-
tion quantity for further spatial analysis and investi-
gation of scattering indicatrix. The photometry by 
ellipsoidal reflectors can be used as the independent 
method for determination of tissue anisotropy factor 
by modeled and numerical experiments by the 
method represented in the research. 

The development of an analytical model that 
relates the distribution of photometric image illumi-
nance with biological tissue thickness under study 
and the scattering anisotropy factor is a direction for 
further research by the authors. 
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