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inhomogeneous tissue was performed. A human head model was used as the primary object of study. The
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thickness and a layered structure with hemispherical boundaries. Radiation transfer in biological tissue was modeled

using the Bethe−Salpeter equation in the ladder approximation. The dependences of the backscatter intensity on
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1. Introduction

The transfer of the near-infrared laser radiation in bio-

logical media has been the focus of researcher’s interest

for a long time [1,2]. This is primarily due to the

possibility of using tissue-scattered radiation in medical

applications. This kind of radiation, which is safe for

the human body, is characterized by a low absorption

coefficient, and the equipment used is relatively simple and

inexpensive.

As a rule, three main types of incident radiation are used

in research: continuous [3–7], short-pulse [8–13], as well as
waves with various radiation modulation options [13–16].

In this paper, we consider the case when the studied

object — a human head model, is irradiated with a

continuous infrared laser beam. For a correct description

of radiation scattering in this model, it is necessary to

allow for the change in optical parameters across the tissue

depth, i.e. use a multilayer structure of the skull and

underlying tissues. In studies [6,17,18] the calculations were
made for a 2-layer model of

”
skull−brain“, and in [19] —

for a 4-layer model of
”
skin−skull−cerebrospinal fluid

(CSF)−brain“.

The intensity of the backscattered laser radiation was

determined by iteratively solving the Bethe−Salpeter equa-

tion [20,21], and the terms of the iterative series correspond

to different multiplicities of scattering. Each of them was

modeled using Monte Carlo method based on the widely

used MCML [22] technique, while the layers were assumed

to be planar. Choosing the Bethe−Salpeter equation method

to describe the radiation transfer in a randomly inhomo-

geneous medium is explained by its general applicability,

including for accounting for interference effects in the

scattering processes. In contrast to the computationally sim-

pler diffusion approximation, the Bethe− Salpeter equation

allows us to correctly describe the scattering of small orders

in which the transport length has not yet been formed.

The first successful implementations of Monte Carlo method

based on the iterative solution of Bethe−Salpeter equation

were given in papers [23–26].

The strictly backscattered intensity dependence on the

distance between the source and receiver located on the

head surface was studied in [6, 19]. The modified MCML

algorithm allowed to take into account the contribution

of each aspect of the scattering process into the total

intensity which significantly diminished the calculations

time [27,28].

In the present study, this technique was extended to the

case of models taking into account the actual curvature

of the layers. The upper part of the head was modeled

as a hemisphere, and the boundaries between the tissue

layers were taken as spherical. The dependences of

the backscattering intensity on the distance between the

source and receiver are compared for models with plane

and spherical boundaries. To account for the scattering

anisotropy, the Henyey−Greenstein phase function was

used.

2. Radiation transfer

The transfer of steady-state radiation in an infinite

randomly inhomogeneous medium may be characterized by
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the Bethe−Salpeter equation in the
”
ladder“ approximation:

Ŵ(r2, r1|ks , ki) =
k4
0

4π2
G(ks − ki)δ(r2 − r1)

+
k4
0

4π2

∫

dr3 G(ks − k23)3(r2 − r3)Ŵ(r3, r1|k23, ki), (1)

where coherence function Ŵ(r2, r1|ks , ki ) describes propa-

gation of radiation incident at point r1 and emerging at point

r2 with the initial wave vector ki and final wave vector ks ;

ki j = k0ri j/r i j , ri j = ri − r j , k0 = 2π/λ — wave number,

λ — wavelength in vacuum. The product of two complex-

conjugate average Green’s functions of a scalar field yields

single scattering propagator: 3(r) = r−2 exp(−µr), where

µ = µs + µa — extinction coefficient. G(k) is the Fourier

transform of the correlation function of permittivity fluctua-

tions:

G(k) =

∫

d(r− r0) e−ik·(r−r0)〈δε(r) δε∗(r0)〉.

The optical theorem relates the scattering coefficient µs

to the integral intensity of a single scattering. Both values

are expressed in terms of the correlation function G(k); in
particular, for a scalar field:

µs =
k4
0

(4π)2

∫

d�s G(ks − ki ). (2)

Having introduced the normalized phase function

p(k̂s , k̂i ) =
G(ks − ki)

∫

d�s G(ks − ki )
,

where k̂ — unit vector along the wave vector k, equa-

tion (1) may be rewritten as:

Ŵ(r2, r1 | ks , ki ) = µs p(k̂s , k̂i )δ(r2 − r1)

+ µs

∫

dr3 p(k̂s , k̂23)3(r2 − r3)Ŵ(r3, r1 | k23, ki). (3)

Note that the phase function depends only on the

cosine of angle θ between the corresponding vectors:

p(k̂s , k̂i ) = p(cos θ).
Let z be the Cartesian coordinate of point r = (r⊥, z )

perpendicular to the boundaries of a plane-parallel layer

with thickness T , 0 6 z 6 T , including the case of a semi-

infinite medium at z > 0. Within a constant dimensional

factor, the main incoherent part of intensity of radiation

scattered into the upper half-space (further in the text —

”
backscattered“) radiation is [28–30]:

J(ki , ks ) = 4π

∞
∫

0

dz 1

∫

z 2>0

dr2 Ŵ(r2, r1 | ks , ki)

× exp

(

−µ

(

z 2

cos θs

+
z 1

cos θi

))

,

where θi is the incidence angle and θs is the backscattering

angle measured from the direction opposite to axis z .

The iterative solution of Bethe−Salpeter equation (3)
yields a representation of intensity in the form of a series in

scattering multiplicities:

J(ki , ks ) =

∞
∑

n=1

J(n)(ki , ks ), (4)

where J(n)(ki , ks ) — is the contribution of the nth scattering

order.

Within the ladder approximation the term of n-th order

J(n)(ki , ks ) may be presented as an average over sample

of Nph incident photons:

J(n)(ki , ks ) =
1

Nph

Nph
∑

j=1

W ( j)
n (ki , ks )

× p
(

k̂
( j)
n n−1, k̂s

)

f BLB(ki , ks , z
( j)
1 , z ( j)

n ),

(5)

where W
( j)
n (ki , ks ) — weight of the appropriate trajectory,

z
( j)
n — coordinate of the point of n-th scattering r

( j)
n .

Bouger−Lambert−Beer multiplier

f BLB(ki , ks , z
( j)
1 , z ( j)

n )

describes the exponential decay of radiation along the path

from the entry point to the first scattering and from the nth

scattering point to the exit from the medium. It depends

on the optical properties of the medium in the path of the

photons, as well as on the geometry of the trajectory.

The weight W
( j)
n is a random realization of a multiple

spatial integral that occurs during the iterative solution of

the Bethe−Salpeter equation. To calculate it, a stochastic

sequence (trajectory) of scattering points is modeled:

r1, . . . , rn.

3. Modeling of multiple light scattering
in biological tissue for plane-parallel
layers

An alternative to the analytical solution of the

Bethe−Salpeter is a Monte Carlo simulation of multiple

scattering. This method is based on using the inverse

transform procedure. Integrals over a semi-infinite interval

are reduced to integrals over a unit interval. The single

scattering propagator shows that the photon’s mean free

path obeys an exponential distribution law with a probability

density f (r) = µ exp(−µr) over the interval r ∈ [0,+∞),
where r is the distance between neighboring scattering

points. For such a density, the cumulative distribution

function ξ = F(r) is calculated as follows:

ξ =

r
∫

0

f (r ′)dr ′ = 1− exp(−µr). (6)
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Inverse transform r = F−1(ξ) gives:

r = −µ−1 ln(1− ξ) = −µ−1 ln ξ ′, (7)

where ξ and ξ ′ = 1− ξ — evenly distributed random values

within the interval [0, 1].

A similar inverse transform is applied to the cosine of the

scattering angle: from the expression γ = cos θ we obtain

χ = 2π

γ
∫

−1

p(γ ′)dγ ′, (8)

where p(γ) — normalized phase function of scattering. The

azimuthal angle φ is evenly distributed over the segment

[0, 2π]. Thus, the three-dimensional integral with respect to

the relative coordinate r′j = r j−r j−1 is transformed into the

following form:

∫

dr′j3(r ′j)p(t j ) f (r ′j , t j) =
1

2πµ

1
∫

0

dξ j

1
∫

0

dχ j

2π
∫

0

dφ j

× f
(

−µ−1 ln ξ j , t(χ j)
)

,

(9)
where f (r ′j , t j) — is the arbitrary function, t j = t(χ j) —
function inverse to the dependence χ j = χ(t j) of (8),
and φ j — azimuthal angle. After such a transformation,

the integral is calculated as the average of a sample of three

uniformly distributed random variables: ξ, χ and φ, where

the first two lie in the interval [0, 1], and φ — in [0, 2π].

As a result, the intensity of n-th order J(n)(1, s f ) in the

approximation of averaging over Nph incident photons is

found using the formula:

J(n)(1, s f ) ≃
Nph
∑

i=1

W
(i)
n

Nph

p
(

k f − k
(i)
n,n−1

)

e−µs f z
(i)
n , (10)

where W
(i)
n — are the stochastic weights, and the sequence

of points r1, . . . , rn defines the stochastic trajectory. The

value z
(i)
j indicates the distance from the jth scattering point

to the boundary. The function e−µs f z
(i)
n takes into account

the attenuation of radiation during propagation from the last

scattering point z
(i)
n to the outer boundary of the medium.

An inhomogeneous medium is considered, the properties

of which depend on the position along the Cartesian

coordinate z perpendicular to the plane boundaries. Since

the model does not take into account refraction at the layers

interface, it is assumed that the direction of motion of the

photon remains constant as it passes through the medium.

In this case the decay exponential function moving from

point r0 to point r is generalized as follows:

exp (−µ|r− r0|) −→ exp

(

− 1

cos θ

z
∫

z 0

µ(z ′)dz ′

)

, (11)

where θ — the angle between the photon’s direction of

motion and z axis that shall be set in advance. Note that

the final distribution depends on the initial position of the

photon r0.

The probability density for the coordinate z , which

determines the new position of the photon, is given by:

f (z , z 0) = C−1
0 exp

(

− 1

cos θ

z
∫

z 0

µ(z ′)dz ′

)

, (12)

where C0 — is a normalization constant.

4. Modeling of multiple scattering

Let’s calculate the skull curvature line. We will take a

hemisphere of a given radius as the model of the head.

Then, the skull layer (A) will be located between the two

hemispheres of radii Rmax and RA. Thus, the layers are

not located between planes, but between hemispheres. In

point (0, 0, 0) the parietal bone is located. The equation of

the surface of the head model in Cartesian coordinates has

the following form:

x2 + y2 + (z − Rmax)
2 = R2

max. (13)

If we use spherical coordinates with the onset in

point(0, 0, Rmax), then, the radius will change within

r sph ∈ [0;Rmax], polar angle — within θsph ∈ [π/2;π], and
azimuthal angle —within φsph ∈ [0; 2π]. The curvature is

taken into account through constraints on Cartesian coordi-

nates: x2 + y2 + (z − Rmax)
2 ≤ R2

max and z ∈ [0;Rmax]. In

this case, the attenuation coefficient µ depends on the radial

distance r sph :

r = −µ−1(r sph) ln(1− ξ) = −µ−1(r sph) ln ξ
′, (14)

where ξ and ξ ′ = 1− ξ are random variables evenly

distributed over a segment [0; 1].
In a 2-layer model:

layer A corresponds to the domainRmax ≥ r sph > RA,

layer B corresponds to domain RA ≥ r sph > 0.

The algorithm shall take into account the successive

stages that the photon passes, starting from the point r0,

going along the axis Z for a random distance (14). For a

2-layer model:

µ(r) =

{

µA, Rmax ≥ r > RA,

µB , RA ≥ r > 0.
(15)

Then, random distance passed before scattering:

r=

{

−µ−1
A ln(1− ξ), ξA ≥ ξ > 0,

−µ−1
B

(

ln(1−ξ)+(µB−µA)(Rmax−RA)
)

, 1 ≥ ξ > ξA,

(16)
where ξA = 1− exp

(

−µA(Rmax − RA)
)

.
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Rmax RmaxRA

A

B

C

z

k (0, 0)

Figure 1. Schematic representation of calculating l
(i)
j .

The anisotropy of the medium is taken into account

through the phase function p(cos θ), where θ — single

scattering angle. Henyey−Greenstein function is used [1]:

pHG(cos θ) =
1

4π

1− g2

(1 + g2 − 2g cos θ)3/2
, (17)

where g = 〈cos θ〉 — anisotropy parameter. In both cases

gA, gB = g = 0.9.

Integral function of distribution:

pHG(cos θ) =

cos θ
∫

−1

pHG(s)ds

=
1− g2

2g

(

1
√

1 + g2 − 2g cos θ
− 1

1 + g

)

,

(18)
Inverse transform:

cos θ =
1

2g

(

1 + g2 − (1− g2)2

(1− g + 2gχ)2

)

, (19)

where χ — evenly distributed random value over [0; 1].
For the contribution of n-fold scattering into J(n)(1, s f )

intensity according to Monte Carlo method:

J(n)(1, s f ) ≃
Nph
∑

i=1

W
(i)
n

Nph

p
(

k f − k
(i)
n,n−1

)

e−µs f l
(i)
n . (20)

Here l
(i)
j — distance from j-th scattering event to the

boundary. Since the medium is heterogeneous over r , this

function is calculated based on the position of the scattering

point r
(i)
sph,n .

Fig. 1 illustrates how l
(i)
j is defined if j-th event occurs

in B layer. Based on coordinates C(x c , y c , z c) and

radii RA, Rmax:

AB =
√

R2
max − x2

c − y2
c −

√

R2
A − x2

c − y2
c , (21)

BC =
√

R2
A − x2

c − y2
c − Rmax. (22)

Table 1. Absorption coefficients µa (mm−1) and reduced

backscattering coefficients µ′
s (mm−1) for various biological tissues

at the given wavelength [31]

Wavelength, λ

Biological 750 nm 850 nm 950 nm 1050 nm
tissue

µa µ′
s µa µ′

s µa µ′
s µa µ′

s

Brain 0.036 0.859 0.106 0.762 0.114 0.622 0.118 0.525

Skull 0.006 1.974 0.013 1.876 0.019 1.757 0.019 1.665

Blood 0.530 0.725 0.720 0.649 0.930 0.650 0.560 0.645

Skin 0.046 1.535 0.038 1.485 0.030 1.625 0.022 1.695

If j-th event occurs in A layer, then:

l(i) j =
√

R2
max − x2

c − y2
c − Rmax. (23)

Since we do not take into account the refraction at the

boundary, it is assumed that the direction of the photon

does not change when passing through the boundary.

The exponential decay from the scattering point r to the

boundary is described as:

e−µ(r)·l
(i)
n . (24)

In this case, depending on the position of the scattering

point:

e−µ(r)·l
(i)
n =







e
−µA

(√
R2
max−x2

c−y2
c−Rmax

)

, r > RA,

e−(µAAB+µB BC), r ≤ RA,
(25)

where AB and BC are defined in the formu-

lae (21) and (22).

5. Modelling subject to the layers
curvature

This section presents the results of computational model-

ing of the intensity of near-infrared laser radiation backscat-

tering in a two-layer biological medium. The optical

parameters of the tissues used in the calculations are given

in Table 1.

The modeling was performed using Monte Carlo method

with the inverse transform of the cumulative distribution

function of the photon mean free path [22]. Laser radiation
was assumed to enter the medium along Z axis. In the

process of multiple scattering, backscattering is formed, the

contribution of which to the resulting intensity was recorded

at each scattering point.

Since the model has cylindrical symmetry, the backscat-

tering intensity was estimated on the surface of the hemi-

sphere at a distance of ρ from Z axis. The calculations used

Optics and Spectroscopy, 2025, Vol. 133, No. 12
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R
max

R
max

z

x

y

Figure 2. Schematic representation of the rings arrangement for

easy counting (plan view).

a limit on the maximum number of scattering n = 3 · 105
with a total number of photons Nph = 106 .

In biomedical optics, the reduced scattering coefficient

µ′
s = (1− g)µs is often used, where g is the average cosine

of the scattering angle. The values from Table 1 were used

for modeling.

The purpose of the modeling is to determine the

dependence of the logarithm of the intensity log10 J(ρ) on

the radial distance ρ. The upper limit for ρ is chosen to

be 40mm, since at large distances the intensity decreases by

more than 10 orders of magnitude compared to the central

region (ρ = 0).

When registering backscattering, it was taken into account

from which of the ring detectors the photon was
”
emitted“.

Fig. 2 shows the arrangement of the ring detection zones.

This scheme allows aggregating the statistics by zones within

certain radii. The hypothesis is that for sufficiently large

radii, a model with the curvature of the layers should

produce results close to the case of planar layers. To test

this assumption, various environment configurations were

modeled.

To determine the limits of applicability of the model

used, a modeling of a single-layer system consisting of brain

tissue was performed for various values of the scattering

anisotropy parameter g . The criterion for the applicability of

the model is the condition for the deviation of the integral

backscattering intensity by no more than 10% relative to

the base value: |J/J0 − 1| < 10%, where J — integral

intensity at a given value of parameter g , and J0 — value at

g = g0 = 0.9. The modeling results are shown in Fig. A10.

They demonstrate the stability of the model in the range of

values of the anisotropy parameter g ∈ [0.85; 0.92].

Rmax

Rmax

z

k (0, 0)–Rmax

R = 80 mm R = 75 mm

x

Figure 3. Schematic comparison of models with planar and

spherical layers.

5.1. Modeling for a 2-layer biological tissue

From Figs. A1, A2 we may ascertain that the proposed

hypothesis is true. Some differences are observed only at

large ρ, but they can have an occasional nature. Next, let’s

find out at which radii the planar layers and hemispheres do

not differ. Let’s model three cases:

1. Planar layers with a thickness of T = 150mm.

2. Spherical layers with a radius of Rmax = 150mm.

3. Spherical layers with a radius of Rmax = 80mm.

During modeling, it was found out that not a single

photon from 106 was scattered below 150mm. In this

regard, we consider the planar layers with a thickness

of T = 150mm. Let’s consider the scattering at various

thicknesses of the A(skull) layer.

As can be seen from Fig. A1, A2, there are practically

no differences, i.e. we can approximately consider spherical

layers as planar.

5.2. Comparison of scattering modeling results

in planar and spherical layer systems

One of the key tasks of this work is to study the effect

of the curvature of the head hemispherical model on the

intensity of backscattering. To do this, it is necessary to

determine from which radius of the head the spherical

model can no longer be approximately considered planar.

For analysis, we consider a single-layer model of bone

tissue (A layer) at various radii Rmax. The radius will

gradually go down from 80mm to 10mm.

The analysis of the above graphs allows us to conclude

that the effect of curvature on the backscattering intensity

becomes noticeable at radii Rmax ≤ 40mm. For large radii,

the geometry of the layer can be approximated as planar.

Figure 3 provides a schematic illustration of the differ-

ences between models with planar and spherical layers.

74 Optics and Spectroscopy, 2025, Vol. 133, No. 12
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Table 2. Absorption coefficients µa (mm−1) and reduced

scattering coefficients µ′
s (mm−1) for CSF at various wavelengths

Wavelength, λ

Biological 750 nm 850 nm 950 nm 1050 nm
tissue

µa µ′
s µa µ′

s µa µ′
s µa µ′

s

CSF 0.002 0.001 0.004 0.001 0.039 0.001 0.016 0.001

According to the data [32], the human head contains

about 100−150ml of blood. In case of traumatic blood in-

gestion into CSF, three degrees of severity are distinguished

depending on the volume of blood:

• Low — Vblood ≤ 50ml,

• Medium — 50 < Vblood ≤ 100ml,

• High — Vblood > 100ml.

Let’s consider how the presence of blood in CSF

layer affects the intensity of backscattering. For this, the

corresponding values of the optical absorption coefficients

µa and the reduced scattering coefficient µ′
s for blood are

used [11].

6. Influence of the radius of curvature of
the model on the calculation results in
a four-layer model

Let’s consider an enlarged model consisting of four layers:

skin (A), skull (B), CSF (C) and brain (D). Below are

the results of modeling the backscattering intensity of laser

radiation versus the distance ρ between the registration

point and Z axis.

Additionally, we will analyze the effect of the presence of

blood in CSF, which may occur, for example, with traumatic

brain injury.

Let us assume that:

• layer A: domain Rmax ≥ r > RA;

• layer B : domain RA ≥ r > RB ;

• layer C : domain RB ≥ r > RC ;

• layer D: domain RC ≥ r > 0.

Then, the function of the attenuation coefficient µ(r) is

set as follows:

µ(r) =







































µA, Rmax ≥ r > RA,

µB , RA ≥ r > RB ,

µC , RB ≥ r > RC ,

µD, RC ≥ r > 0.

(26)

Rmax

z

k (0, 0)

x

RmaxRA

A
B

C

RC RB

D

E

Figure 4. Schematic representation of calculating l
(i)
j in case of

four layers.

The path of a photon and its interaction with the medium

depend on the optical characteristics of each layer through

which it passes between scattering events.

Parameters of anisotropy g for various tissues shall be

assumed equal:

• gA = 0.9 — skin [2];

• gB = 0.9 — bone [22];

• gC = 0.98 — CSF [33];

• gD = 0.9 — brain [34].

In Fig. 4 the general distance from the initial point to

the point of j-th scattering AE includes sequential regions:

AE = AB + BC + CD + DE . Using the coordinates of the

scattering point E(xE , yE , z E) and the set values of the

layer boundaries, the lengths of these segments can be

determined similarly to the formulae (21), (22).
As in the case of the two-layer model, the calculations

take into account the exponential decay of radiation in

accordance with Bouguer−Lambert−Beer law.

The modeling was carried out similarly to a two-layer

system. The number of permitted events of scattering

was n = 3 · 105, and the total number of photons was —
Nph = 106 .

Special attention is paid to the scenario where blood

penetrates into the CSF layer. In this case, the attenuation

coefficient µ for the layer C is recalculated based on the

percentage of blood:

µC = (1− α)µCSF + αµblood,

where α — portion of blood in the volume of CSF.

Because, as shown in sec. 3, the modeling re-

sults for Rmax = 80mm and Rmax = 150mm are al-

most identical, the value Rmax = 80mm is used fur-

ther, which corresponds to the average radius of an

adult human head. The thicknesses of the layers A, B

and C were calculated to be 3, 7, and 2mm, respec-

tively.
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In Fig. A8 and A9 it is shown that the presence of blood

in CSF significantly reduces the backscattering intensity at

distances of more than 20mm from the radiation entry

point. This is due to the fact that at short distances the main

contribution to backscattering is made by the upper layers

of the head, whereas at long distances the contribution from

the inner and outer layers becomes comparable.

To assess the threshold sensitivity of the model, various

concentrations of blood in CSF were analyzed. The results

showed that when the blood content is more than 10%,

there is a noticeable change in the intensity of backscatter-

ing, especially at distances of more than 30 mm from the

entry point. This makes promising the use of this method

for noninvasive detection of intracranial hemorrhages by

the rate of decrease in the intensity of backscattered laser

radiation with increasing distance between the detector

and entry point of the laser beam. However, today the

authors don’t know if any of such approaches have been

implemented so far in the noninvasive diagnostics.

7. Conclusion

The computational modeling of the intensity of in-

frared laser radiation backscattering for biological tissues

represented as a two-layer and four-layer randomly in-

homogeneous medium was carried out. Two geometric

approximations are considered: a model of planar layers

of finite thickness and a model of hemispherical layers

imitating the shape of a human head. The model does

not take into account variations in the thickness of the skin

and bone layers, which depend on the anatomical area of

the head and the age of the person. The difference in skin

Appendix

Fig. A1. Intensity of backscattering in a two-layer model of the skull (A) and brain (B) versus source−receiver distance. Layers thickness

for plane layers Tfull = 150mm, and Rmax = 150mm for spherical layers. Thicknesses of layer TA = 3mm (a) and TA = 5mm (b).
� — spherical layers, • — plane layers.

pigmentation, which can significantly affect the modeling

results, is also neglected.

The accuracy of the calculated parameters was controlled

by the stability of numerical values with the higher sampling

size. With a sample size of 106 , the backscattering intensity

remains stable with an accuracy of at least four significant

digits. However, to provide the accuracy comparable with

the other results the data shown in Fig. A8, A9 may require

higher sampling size by two-three orders of magnitude.

Nevertheless, even with reduced accuracy, the obtained

dependences make it possible to reliably assess the nature

of changes in the studied quantities.

The major focus is made on a 2-layer

model of
”
skull−brain“ and 4-layer model of

”
skin−skull−CSF−brain“. The influence of the curvature

of a head model on backscattering was investigated.

The modeling results show that the curvature has a

significant effect on the backscattering intensity at detection

radii less than 40mm. At large distances, the deviations

become negligible, which makes it possible to use a

simplified model with plane layers without significant loss

of accuracy.

Additionally, the effect of the presence of blood in CSF in

the context of modeling a intracranial injury was considered.

It was demonstrated that when the volumetric concentration

of blood in CSF exceeds 10%, significant changes in the

characteristics of backscattering were observed. This can be

used for non-invasive diagnostics of intracranial injuries and

hemorrhages.
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Fig. A2. Intensity of backscattering in a one-layer model of bone tissue (a) and brain (b) versus source−receiver distance. Layers

thickness for plane layers Tfull = 150mm, radius of spherical layers Rmax = 150mm: � — spherical layers, • — plane layers.

Fig. A3. Intensity of backscattering in a one-layer model of

spherical layers (Rmax = 150mm) versus source−receiver distance:

� — bone tissue, • — brain.

Fig. A4. Intensity of backscattering in a two-layer model of the

skull (A) and brain (B) versus source-receiver distance for the

layer thickness T (A) = 3mm in three cases: � — Rmax = 80mm,

• — Rmax = 150mm, N — T = 150mm.
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Fig. A5. Intensity of backscattering in a two-layer model of the

skull (A) and brain (B) versus source−receiver distance for the

layer thickness T (A) = 5mm in three cases: � — Rmax = 80mm,

• — Rmax = 150mm, N — T = 150mm.

Fig. A6. Intensity of backscattering in a bone tissue hemi-

sphere versus source−receiver distance at various radii: � —
Rmax = 150mm, • — Rmax = 80mm, N — Rmax = 60mm, H —
Rmax = 40mm.

Fig. A7. Intensity of backscattering in a bone tissue hemi-

sphere versus source−receiver distance at various radii: � —
Rmax = 150mm, • — Rmax = 40mm, N — Rmax = 30mm, H —
Rmax = 20mm, � — Rmax = 10mm.

Fig. A8. Intensity of backscattering in a four-layer model:

skin (A), skull (B), CSF (C), brain (D) versus source-receiver

distance at various concentrations of blood in the CSF: � — plane

layers (0%), • — hemispherical layers (0%), N — plane layers

(100%), H — hemispherical layers (100%).

Optics and Spectroscopy, 2025, Vol. 133, No. 12
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Fig. A9. Intensity of backscattering in a four-layer model: skin (A),
skull (B), CSF (C), brain (D) versus source-receiver distance at

various concentrations of blood in the CSF: � — 0%, • — 10%,

N — 50%.
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Fig. A10. Deviation of the integral backscattering intensity

versus the key value J0(g) = J(g0), where g0 = 0.9, in a single-

layer system consisting of brain tissue, at different values of

the anisotropy parameter g . Three curves for different surface

curvature values are shown.
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