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The intensity of backscattering of near infrared laser radiation has been calculated for a multilayer biological
tissue simulating the human head as a function of the distance between a source and a detector of radiation
that are located on the head. The iterative solution of the Bethe—Salpeter equation has been represented as a
series in scattering orders. A modification of the known Monte Carlo method for photon transport in multi-
layer tissues has been proposed to accelerate calculations. It has been shown that the resulting dependences
of the backscattering intensity change significantly under the variation of the optical properties of the biolog-
ical tissue, primarily in the case of penetration of blood to the cerebrospinal fluid layer. This can be used to
develop optical methods for diagnosis of traumatic injuries of biological tissues.
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INTRODUCTION

Interest in optical methods for medical diagnostics
is currently growing [ 1—5] primarily because inexpen-
sive noninvasive optical methods, which can be easily
applied under “tough” conditions, can provide criti-
cally important information on the state of deep layers
of biological tissues. Because of a low absorption coef-
ficient of biological tissues in the near infrared region,
diffusion spectroscopy methods were developed to
detect injuries of the skin and hypodermis, traumas of
soft tissues and the brain, venous injuries, and pressure
ulcers [3, 5—9]. A biological tissue can be exposed to
infrared radiation of different types such as continuous
radiation [10—13], short pulses [14—17], and waves
with various modulations [14, 18, 19].

In this work, an approach is developed to obtain
information on the state of a multilayer biological tis-
sue from data on the backscattering of continuous
infrared laser radiation. We apply it to the model of the
human head. To adequately use the data on the back-
scattering of infrared laser radiation in medical diag-
nostics, it is necessary to take into account the layered
structure of the head, at least the skull and brain [12,
13, 20, 21]. Since the optical properties of biological
tissues of the human head very strongly vary from the
outer layer to the inner one, the layered structure of
the head should be accurately simulated for the more
accurate interpretation of backscattering data [6].

We calculated the dependence of the intensity of
backscattered laser radiation on the distance along the
surface of the head between the source and detector,
which are located directly on the head. The human
head is simulated as a four-layer medium consisting of
the skin, skull, cerebrospinal fluid (CSF), and brain.
To describe radiation transport in a randomly inho-
mogeneous medium, we used the iterative solution of
the Bethe—Salpeter equation. The resulting series is
the expansion in scattering orders. Each term of the
series is a multiple integral, which is calculated using
the Monte Carlo method. The performed calculations
make it possible to reveal how the dependence of the
backscattered radiation intensity on the source—
detector distance changes under the variation of the
physical and geometric parameters of the model. The
effect of the penetration of blood to the cerebrospinal
fluid, which often occurs upon traumatic injuries of
the head, and the effect of the thickness of skull, which
noticeably varies over the surface of the head, on the
optical characteristics of the cerebrospinal fluid layer
are of the most interest.

DESCRIPTION OF RADIATION TRANSPORT

We simulated the backscattering of infrared radia-
tion for a layered scattering medium filling the half-
space z > 0. The angle of incidence of a plane wave on
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the medium measured from the outer normal is
denoted as 0;, and 0 is the backscattering angle mea-
sured from the same normal at which the wave under-
going multiple scattering leaves the medium. Reflec-
tions and refractions of waves at the interfaces between
the layers are neglected. For the backscattered field,
we used the Fraunhofer approximation, in which the
far field is the product of a spherical wave and a plane
wave directed to the observation point [13, 22]. In this
case, the main incoherent part of the backscattering
intensity can be represented up to a constant dimen-
sional factor in the form [13, 22—24]

J(s57) = 4nfdz, [ drT(enlK, k) |
0 12>O ( )

X exp(—(s,2; + 5;21))-

Here, s; =1/c0s9;, s, =1/cos0, lLis the extinction
coefficient, the exponential factor is due to the damp-
ing of the plane wave according to the Burger—Lam-
bert—Beer law on the path from the boundary of the
medium to the point of the first scattering event and
on the path from the point of the last scattering event
to the boundary of the medium, F(rz,r1|kf,ki) is the
coherence function describing radiation transport
from the point r, to the point r, in the randomly inho-
mogeneous medium including all scattering orders,
and k; and kare the wave vectors of the wave reaching
the point r; and the multiply scattered wave leaving the
medium from the point r,, respectively.

Radiation transport in a randomly inhomogeneous
medium can be described by the Bethe—Salpeter
equation [22, 23]

F(rzar1|kf=kf) = lvlsp(kf - ki)5(l'2 -r)

(2)
+ HsJ-d’ép (kf - k23)A(r2 —5)I(1, 1 ko3, k).
Here, k; = kor;/r; is the wave vector directed from
pointr; to point r;, where k, = 21/ A is the wavenumber
in vacuum, A is the wavelength, and r;=r;,—r,and

A(r) = P exp(—ur) is the single-scattering propaga-
tor, which is the product of two complex-conjugate
average Green’s functions of the scalar field, where
W= u, + W, is the extinction coefficient, which is the
sum of the scattering, L, and absorption, W,, coeffi-
cients. Equation (2) is written in the ladder approxi-
mation under the weak-scattering condition

A< = ps_l and using the optical theorem for the sca-
lar field,

ko
s = dQ Gk, —k;),
: (4n)2J‘ Y
JETPLETTERS Vol 117 No.5 2023

where G(k) is the Fourier transform of the correlation
function of fluctuations of the permittivity given by
the expression

GO) = [d(r = ry)e ™ (Ber)8e(ry).
The normalization of G(k) gives the phase function
pk;—Kk;) =Gk, - k[)/IdeG(kf -k,),

which is a function of the angle 6 between the vectors
k; and k.

The backscattering intensity in the single-scatter-

ing approximation J“)(s,.,sf) is obtained by sub-
stituting the first term on the right-hand side of the
Bethe—Salpeter equation into Eq. (1). The substitu-
tion of the entire iterative series for the Bethe—Sal-
peter equation (2) into Eq. (1) gives the scattering
intensity in the form of the series in the scattering
order [13, 22, 25]:

J(s;,87) = ZJ(n)(Siasf)a
n=l1

where the single- and double-scattering terms have the
form

JV(s;,5,) = dm(u, /W (s, + 5) 7 pk, — K;),

IO s ) = 4t [z, [ drA()
0 z2>0

Wiz +s £2p)

X p(Ky — k) p(k, — Ky )e

The nth-order scattering term with n > 3 is given by
the multiple integral

5557) = 4 i, . far N
0

n—-1

X pky = K)[ [AG )Pk s =) B)
j=2

sz +s £2,,)

X H(z)H(z,)p(k; —K,,1)e

Here, the Heaviside step functions H(z) ensure the
inclusion of scattering events only inside the semi-
infinite randomly inhomogeneous medium.

For the Monte Carlo calculation of the contribu-
tion from the nth-order scattering to the intensity by
Eq. (3), we repeatedly perform the inverse transform
determining the relation between r;,r,,...,r, and func-
tions depending on them with uniformly distributed
random numbers. This procedure for a homogeneous
system was described in detail in [13, 22]. As a result,

averaging over a sample of N, incident photons for
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the case of the normal incidence of a laser beam on the
multilayer system gives

" Nph W o\ s
R LD It d Ul VI A
i=l ph

The weights W,,(’) are the random values of multiple
spatial integrals obtained in the nth order of the itera-
tive solution of the Bethe—Salpeter equation and are
calculated by simulating a stochastic sequence (pho-

ton trajectory) of the scattering points r,...,r,.

The Monte Carlo method is widely used for the
simulation of photon migration in tissues and tissue
phantoms primarily with the known MCML method
[26], where photons leaving the scattering medium
contribute to the signal. This procedure requires a
rather large sample because the number of photons
randomly leaving the medium with a particular geom-
etry can constitute a very small fraction of the intensity
of incident light. In the modification of the MCML
method used in this work, each photon contributes to
the detected signal in each scattering event until it
leaves the medium. In this case, the size of the sample
and, correspondingly, the computation time necessary
for obtaining stable results decrease significantly.

INVERSE TRANSFORM METHOD
FOR A MULTILAYERED MEDIUM

The simulation of photon propagation in the
medium is performed in several steps. In the first step,
the photon motion direction is determined. The nor-
mal incidence of a plane wave is considered. The scat-
tering direction in all events is random and is deter-
mined by generating a random number distributed
uniformly in the interval [0, 1] and performing the
inverse transform of the Henyey—Greenstein model
phase function [1]:

Prc(cos®) = (4m) ' (1- g*)(1+g* —2gcosB) 7,

where g = (cos0) is the scattering anisotropy param-
eter. It is assumed that the azimuth angle is uniformly
distributed. In the second step of the simulation, the
distance that the photon passes to the next scattering
event is determined by generating another uniformly
distributed random number & and applying the inverse
transform generalized for the multilayer system. Since
the photon can be located in any part of the system,
this distance depends on the position of the photon
and the angle determined in the preceding step.

The inverse transform procedure for the bilayer
medium was described in detail in [13]. In this work,
we study a more realistic model of the human head
consisting of four layers: skin, skull, CSF, and brain.
Below, we construct the distribution function of the
path length of the photon to the next scattering event
and perform the inverse transform for the system with
an arbitrary number of layers. In the proposed algo-
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rithm, we use a new order of application of the inverse
transform to the spatial and angular variables; the
reverse order is efficient for the multilayer system
because of the cylindrical symmetry since the random
free path of the photon in this case is determined in a
given direction.

The optical parameters in the inhomogeneous
medium under study depend on the position of a pho-
ton, i.e., on the Cartesian coordinate z on the normal
to the boundaries, in particular, W = W(z). The layers
from the outer to the inner are denoted by the letters A4,
B, C, and D and their thicknesses are T, T, T, and

Tp. We introduce the brief notation 7, = 7, + Tz and
Tigc =T,+ Tz +T.. Thus, layers A, B, C, and D
occupy the regions 0<z<T,, T,<z<T,,
Tg <z2<T4pc, and T pc <z <T, respectively,
where T'=T, + Ty + T + T, is the thickness of the

entire four-layer system. To construct the inverse
transform, we consider the layer D as the semi-infinite

layer 7,5 < z, and the numerical calculations are
performed with a finite 7}, value but 7, > T ..

Since the photon between two successive scattering
events can move in a certain layer or intersect the
interface between two layers and can approach the z =
0 boundary or move away from it, all these cases
should be taken into account when constructing the
cumulative distribution function and performing the
inverse transform. In the system of k layers, there are
k(k + 1) different types of photon paths between the
successive scattering events; i.e., 20 different types of
paths exist in the four-layer system under consider-
ation. Thus, it is necessary to construct an algorithm
for the determination of successive paths of the photon
beginning with the point z,. We describe in detail the
case where the photon scattered at the point g, in
layer A moves deeper into the medium; i.e., cos6 > 0,
where 06 is the angle between the z axis and the photon
propagation direction. To describe a random distance
traveled by the photon between two successive scatter-

ing events, we define the probability density function,
as done in the MCML method [26]:

MS(A) _H(A) _
C cos eexp( cosO (2 ZO)) ’
LB g op( BB 7).
_ JCcosB cos0
7= o —u(0) @
Ccos GgAgB exp( cos O (2~ TAB))’
W,(D) wb),
—C cosO &A&Béc exp( c0sO (z TABC))-

Rows on the right-hand sides of this and other “mul-
tilayer” formulas from top to bottom refer to layers A,
B, C,and D, and

_ —U(A)
E;A = CXP( T, -2z,
cos O
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Ep = exp(

Integrating probability density (4), we obtain the
cumulative distribution function F, which generates a
uniformly distributed random number & = F(z,z,).
The inverse transform gives

“H(B )TB) & ZCXP(

—WC)
cos 0 TC)

cosO

a-sean|1-E)

o - Ee)
T -g;_scsm[l_%@_&gm)}
] ln(l -6 z;sih)].

The quantities &2, £5,, and E2, are the & values at
which the photon reaches the interface between
layer B, C, or D and the preceding layer. In terms of

& =1-E&,, the normalization constant has the form

C=C+GC,+C+C,,
G = Apam G, = BuE;AE;'B,

G = Cu&A&BE.:'C’ Cy = DuéA&B&C'
Here, the albedos of the layers are
A, = AD/WA), B, = u(B)/WB),
C. =W (O)/WC), D, = pu(D)/W(D).

The values of the random number & corresponding to
the boundaries of the layers can be represented in
the form

Cls
acm = éx Cl + CZ’

Expression (4) for the probability density of the mean
free path of the photon in the four-layer system can be
generalized to the case of scattering in the system of k
plane layers A, A,,...,A, with finite thicknesses
T,T,...,T,_, and T, = . The probability densities in
the first and nth layers for n > 2 are given by the
expressions

fi(z) = Ce Seexp Cose(z )|, n=1, (5)

f(z)_m )Hﬁ [u( )( ZD
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Here, the normalization constant is given by the for-
mula

d 4
=3¢, ¢ = MS((A ))g H&,, 1<i<k,
i=1

& zeXP(M(Tl _Zo)),
§,=exp( H(A)T) i>2,

cosf '
€ =1-&, and we formally set & =1 and &, = 0.
Integrating probability densities (5) and (6), we obtain
the cumulative distribution function, and applying the
inverse transform to it, we arrive at the dependence of
the coordinate z of the photon after the scattering
event on the uniformly distributed random number &:

_cos8, 1y _% ’
w4) G

-1 '
z<n>=z 089, (1—CC—§"<&—a;‘;a>J,

1) =z

k-1
= -1
k

i=1

C g, j

Here, 2<n <k and & chf/c‘ The above

expressions make it possible to simulate the distance
traveled by the photon in the system of k layers with
different optical characteristics.

Below, we also report the results of our Monte
Carlo calculations for the case of the penetration of
light into the biological tissue at a random angle 6, to
the surface governed by a normal distribution with the
standard deviation G.

crit

SIMULATION RESULTS

In this section, we report the calculated backscat-
tering intensity of laser radiation of the near infrared
range in the four-layer medium. The optical parame-
ters of the layers taken for the skin—skull—-CSF—brain
system from [6, 27] are presented in Table 1. The
anisotropy parameter in all performed calculation was
g = 0.9. According to the data on the thicknesses of
the layers for the human head, we took the thicknesses
T, =3 mm, T, =7 mm, and 7. = 3 mm for the skin,
skull, and CSF layers, respectively. In this case, the
brain layer occupied the remaining place in the system
and had a thickness of 7, = 150 mm.

The Monte Carlo simulation was performed both
with the traditional approach to the calculation of the
inverse transform for the cumulative distribution func-
tion of the mean free path of the photon described pre-
viously and with the modification proposed in [13]
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Table 1. Absorption coefficients 1, and reduced scattering coefficients i, of four tissues at four wavelengths

Wavelength A
750 nm 850 nm 950 nm 1050 nm
Moo mm™' | ! mm™ | g mmt | g mmet | M, mmTh | gt mme! | p,, mmT! L,
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

generalized to the four-layer system. The medium in
the simulation occupied the half-space z > 0. Laser
radiation penetrated into this medium at the point
(0,0, 0) on its surface and moved along the z axis

deeper into the medium. Multiple scattering in the
four-layer medium resulted in the appearance of back-
scattering whose intensity was calculated at a point on
the z = 0 surface at different distances p from the

107
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Fig. 1. (Color online) Backscattering intensity at a wavelength of A

= 750 nm for the four-layer model of the human head includ-

ing 3-mm skin, 7-mm skull, and 2-mm cerebrospinal fluid versus the source—detector distance. (a) Plot from [6] for 100-mm

brain. (b) Results of this work for 150-mm brain and the blood co
50, and (triangles) 100%.

ncentration in the cerebrospinal fluid of (squares) 0, (circles)
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point of penetration of the laser beam into the
medium. Contributions to the backscattering intensity
decrease with increasing scattering order, and we took

the maximum scattering order n = 5X 10°. The size of

the sample was taken N, = 10°~10’ to ensure a suffi-
cient accuracy.

Figure 1 shows the simulated dependence of the
backscattering intensity on the distance between the
source and the detector for the skin—skull-CSF—
brain system. The data presented in Fig. 1a are taken
from [6], where the localized propagation of blood in
the CSF layer was considered. The data presented in
Fig. 1b were obtained for different blood concentra-
tions n in the CSF layer. The line in Fig. 1b for
n= 0%, i.e., the complete absence of blood in the
CSF layer, corresponds to the upper line in Fig. la,
whereas the line in Fig. 1bforn = 100%, i.e., the com-
plete filling of the CSF layer with blood, corresponds
to the lower line in Fig. 1a. Figures 2a and 2b also show
the dependences of the backscattering intensity on the
distance between the source and the detector for the
skin—skull-CSF—brain system with a skull thickness
of 5 and 10 mm, respectively. These calculations were
carried out in order to determine the effect of the
screening of deep layers by the skull and to estimate
the significance of the depth of the location of focus of
hemorrhage in the head. According to the simulation,
the closer the CSF layer to the surface of the head, the
more noticeable the appearance of blood in this layer.
In particular, the difference in the backscattering
intensity in the case of the 10-mm skull can be deter-
mined only at sufficiently long distances between the
source and the detector of laser radiation (>30 mm),
whereas this difference in the case of the 5-mm skull is
seen at smaller distances (>17 mm).

To determine the effect of the angular spread of
penetration of the photon to the multilayer system, we
performed calculations for several angular distribu-
tions: (i) normal incidence, (ii) uniform distribution in
the angular interval [0, /2], and (iii) normal distribu-
tion with zero mean and standard deviations ¢ of 11/6
and 1t/90. The first standard deviation corresponds to
the characteristic deviation caused by the measure-
ment error, and the second standard deviation corre-
sponds to the characteristic angle of the radiation cone
of a waveguide. The results are presented in Fig. 3. It is
seen that the results in the case of the normal inci-
dence of photons on the medium are almost identical
to those for the case 6 = w/90. The uniform angular
distribution gives the lowest backscattering intensity,
whereas the curve for ¢ = m/6 is between the curves
for 6 = ®/90 and the curves obtained with the uni-
form angular distribution. The simulation shows that
the variation of the angular spread of radiation changes
the backscattering intensity at distances between the
source and the detector that provide the most com-

JETP LETTERS Vol 117
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Fig. 2. (Color online) Backscattering intensity at a wave-
length of A = 750 nm and an anisotropy parameter of

g = 0.9 for the four-layer model of the human head con-
sisting of 3-mm skin, (a) 5- or (b) 10-mm skull, 2-mm
cerebrospinal fluid, and 150-mm brain versus the source—
detector distance at the blood concentration in the cere-
brospinal fluid (squares) 0, (circles) 50, and (triangles)
100%.

plete information on the structure of the medium
under consideration.

The alternative order of the inverse transform pro-
posed in [13] was also considered in application to the
four-layer system, but the results obtained with differ-
ent orders are within the error of the calculation, as in
the case of the bilayer system.

CONCLUSIONS

To summarize, the backscattering intensity of
infrared laser radiation has been calculated for a ran-
domly inhomogeneous four-layer biological tissue.
The calculations have been performed for the skin—
skull—cerebrospinal fluid—brain model system, which
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2 , _
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Fig. 3. (Color online) Backscattering intensity at a wave-
length of A = 750 nm and an anisotropy parameter of

g =0.9 for the four-layer model of the human head
including 3-mm skin, 7-mm skull, 2-mm cerebrospinal
fluid, and 150-mm brain versus the source—detector dis-
tance for (triangles) normal incidence of radiation on the
medium, (circles) Gaussian distribution of radiation with

o = n/90, (squares) Gaussian distribution of radiation
with ¢ = /6, and (diamonds) uniform distribution of
radiation.

is more appropriate for the simulation of the human
head than the simplified bilayer skull—brain biological
model considered in our previous work [13]. The
Bethe—Salpeter equation in the ladder approximation
has been used to simulate radiation transport in the
biological tissue taking into account multiple scatter-
ing. The representation of its solution in the form of a
series in scattering orders, where each term is a multi-
ple integral, allows us to use the Monte Carlo method
to calculate the terms of the series. The Henyey—
Greenstein model phase function with the anisotropy
parameter g = 0.9 has been used to take into account
the anisotropy of radiation scattering in the biological
tissue. The calculations have been performed with our
modification of the known MCML method [26],
which differs in the method of detection of photons
[22]. The mean free path of the photon has been sim-
ulated with both the traditional MCML method and
its modification proposed in [13]. The calculated
dependences of the intensity of backscattered infrared
radiation on the distance between the source and the
detector located directly on the human head are very
sensitive to the blood concentration in the cerebrospi-
nal fluid layer. This allows the application of compar-
atively inexpensive optical methods for fast field diag-
nosis of traumatic injuries and hemorrhages in the
human head and in other multilayer biological tissues.
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