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Introduction

An important characteristic of blood is the relative width
of the erythrocyte size distribution. Normally, this parame-
ter, denoted as RDW (Red Blood Cell Distribution Width),
is 12—14%, and its increase above this level indicates
circulatory system disorders. Studies [1-3] emphasize the
significance of the RDW parameter for assessing the general
condition of the body and the likelihood of complications
in various diseases.

The RDW parameter is part of a standard blood test. It
is usually measured using automatic hematology analyzers
equipped with a Coulter counter or by flow cytome-
try. However, these methods require complex equipment.
An alternative method is laser diffractometry based on
observing the scattering pattern of a laser beam on a
blood smear. This method does not require complicated
instrumentation and allows for fast measurements on large
cell ensembles. Experimental studies on laser diffractometry
of blood smears are presented in works [4-9]. Theoretical
aspects of laser beam scattering by erythrocytes and
their modeling particles are discussed in works [10-17].
Methods for measuring characteristics of erythrocyte size
distribution based on laser diffractometry of blood smears
are proposed in [7,18-21]. Practical implementation of such
measurements requires high-quality diffraction patterns and
video registration systems, as well as reliable and accurate
data processing algorithms.

In this work, a new algorithm for measuring the width
of erythrocyte size distribution is proposed, applicable to
the analysis of weakly heterogeneous blood samples with
symmetric size distribution functions. The input data for
the algorithm are characteristics of the angular distribution
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of light intensity near the first dark ring in the diffraction
pattern.

Experimental Data

In the experiments, we use wet blood smears. The
erythrocytes are arranged in a thin liquid layer between
the microscope slide and cover slip so that they form a
sparse monolayer. An image of erythrocytes from a healthy
donor obtained by microscope is shown in Fig. 1,a. Fig. 1,5
shows the erythrocyte size (diameter) distribution measured
by microscope for the sample of young healthy donor blood.
As a measure of erythrocyte size spread, we take the
quantity u’defined by the formula

Here, D is the diameter of an erythrocyte in the smear,
and angular brackets denote averaging over the erythrocyte
ensemble. The value y’ is dimensionless and convenient to
express as a percentage. For example, for this blood sample
u' = 4.8%. Fig. 2,a shows the scheme of the experimental
setup that includes a laser (7), the sample under study (2),
a semi-transparent screen (3), and a digital camera (4).

Fig. 2,b shows the laser beam scattering pattern on the
wet blood smear. Fig. 3 shows angular distribution of light
intensity in this pattern. For analysis, we use the part of the
diffraction pattern near the first dark ring. In experiments,
we measure the angular coordinate of the first intensity
minimum 6y, the relative light intensity at the minimum
fo, and the relative curvature of the angular light intensity
distribution f, at the coordinate 6y. The meaning of these
parameters is explained in Fig. 3. Mathematically, these
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Figure 1. Microscopic view of blood smear (a) and erythrocyte size distribution (b).

Figure 2. Experimental setup scheme for laser diffractometry of blood smear (a) and diffraction pattern view (b).

parameters are defined by formulas

f(6) = :E—Q;, f/(60) =0,
fo="f(6), fa="1"(60)62. (1)

where | is the light intensity at the observation screen point
and 0 is the scattering angle.

Model of the Erythrocyte Ensemble

We consider the erythrocyte radius as a random variable
described by the formula

R=Ry(l +e¢). 2)
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where Ry is the mean erythrocyte radius, and ¢ is a random
parameter with zero mean:

(e) = 0. (3)

The width of the erythrocyte size distribution is character-
ized by the parameters

p= () (4)
and
p =i (5)

The parameter u’ characterizes the relative width of the
erythrocyte size distribution. For a weakly heterogeneous
ensemble, the parameter u satisfies the condition.

u <1 (6)
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Figure 3. Angular distribution of light intensity in the diffraction
pattern. Dashed lines show the parabolic approximation near the
first minimum of intensity.

For blood samples close to those of healthy donors,
condition (6) holds well. Our further task is to establish the
relationship between parameters Ry and ¢’ with measurable
characteristics of the diffraction pattern 6y, fo, f,. Based
on this, we will develop algorithms to measure the mean
erythrocyte radius and the width of the erythrocyte size
distribution.

Angular Distribution of Light Intensity in
the Diffraction Pattern

Using the results of work [21], the normalized angular
distribution of light intensity in the diffraction pattern f(0)
is represented as

1
100" 1(0) = (p*31(00)). (7)
where [(0) is the intensity of the central maximum of
the diffraction pattern, p = kR is the wave parameter of
erythrocyte size, R is the erythrocyte radius, k = 27/4 is
the wave number, 4 is the laser wavelength, and J;(X) is the
first-order Bessel function. Angular brackets in formula (7)
denote averaging over the erythrocyte ensemble. The
intensity of the central maximum of the diffraction pattern

is given by
1 kR2\
1(0) = —IoN[a|* | — ) .
0 =1t (5
Here, |y is incident laser beam intensity, N — number
of erythrocytes irradiated by laser beam, z — distance

from blood smear to observation screen |a|?> parameter
characterizing erythrocyte thickness and optical density.
Model (7) is based on approximating an erythrocyte as a
flat circular disk. Numerical calculations [17] for a biconcave
disk show that the flat disk model provides good accuracy

near the first dark ring of the diffraction pattern, which is the
region used for analysis. Qualitatively, the pattern of laser
beam scattering on a blood smear resembles the pattern of
diffraction of a plane wave on a round hole (the so-called

»AIry pattern).

Homogeneous Ensemble Approximation

First, consider the special case of a homogeneous ery-
throcyte ensemble where p = pg = const. The expression
for f(0) simplifies to

1 1
Zpgf 0) =5 31 (000).

We calculate derivatives of the angular light intensity
distribution with respect to the scattering angle

1 1 1
gﬂgfl(e) =5 N+ 2 J1J1po,
1 3 4 02
gﬂgfﬂ(e) = Ji- 0 J1J1p0 + 9—2 (3131 + 3J7).

where the Bessel function argument is ppf and prime
denotes derivative with respect to the entire argument. Let
0y be the angle where the first minimum of light intensity
appears in the diffraction pattern. Then f’(6y) = 0, from
which J;(p06p) = Oand pofy = Xpare derived, where X, is
the root of equation

Jl(Xo) =0. (8)
Denote
Jo(Xo) = —B. 9)
It is known [22] that
Xo = 3.8318, B = 0.40276. (10)

Assuming 6 = 0y, we get
f(6y) =0

and
f(60)05 = 837(X0)J}(Xo)-

Using expressions for Bessel function derivatives [22]
1
Jo(x) = =di(x), H(x) =Jo(x) = 2 A (x),  (11)

we find
f"(60)05 = 88°.

denote for brevity
£(00) = Tor 1/(00) = T4, £7(00)03 = fa.
For the homogeneous erythrocyte ensemble case, we obtain

0 = po, 90:;—0, fo=0, f,=0,f,=83% (12)
0
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where parameters Xo and 8 are defined by formula (11).
The erythrocyte radius in the blood smear can be found
from formula

Ry = xo4 / 270y

or
A

Ro =0.61 —. (13)
6o
where 1 is the laser wavelength and 6y is the scattering
angle corresponding to the first minimum of light intensity

on the diffraction pattern.

Diffractometric Equations

We now proceed to analyze the laser beam scattering by

a size-heterogeneous erythrocyte ensemble. The equations

relating the parameters of the diffraction pattern to the

characteristics of the erythrocyte size distribution have the
form |

i3 (1+a)*(1+6u)fo=pu, (14)

ﬂlz (I4+a)(1+6u)fo=2a+ 5u, (15)

1 1

0 +ou)(fo+ g fa) =1426 . (16)
Here, the diffraction pattern parameters f, and f, are
defined by formulas (1), the numbers Xo and 8 are defined
by formulas (10), and the parameter u is defined by formula
(4). The parameter « is defined by the formula

&
—Opo—l+a (17)

where pg = KRy is the average erythrocyte size parameter.
The parameter o describes the influence of the heterogene-
ity of the erythrocyte ensemble on the angular coordinate
0y of the first minimum of light intensity in the diffraction
pattern. The derivation of equations (14)—(16) is given in
the Appendix to this article.

Measurement Algorithms

From equations (14) and (15), it follows that

1
a=—sH (18)
This approximate formula is valid under the assumption
of a weakly heterogeneous erythrocyte ensemble when
a, i < 1. Substituting expression (18) into equations (15)
and (16) gives We obtain

oy, o
(1+7H)fo—4ﬁ M

1
/32( +ou)(fo+ g f2) = 14206
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From this, two algorithms for measuring parameter u are
obtained.
First algorithm:

Zf() 2f0

M= it M= Vi = EETE

Second algorithm:

86> — f,
2[88%( XO_ 1)+3f2]

Mo =

8B2 —
= Vi = \/8[32x2 1) +3f,

Or, taking into account (10):

fo
I
H1=1/0649 — 558, (19)
[1.2077 — %,
/o
H2=1\/3535016f, (20)

Meanwhile, the average erythrocyte radius in the blood
smear is determined by the formula

3.83
0o

= (1-0.50) = (21)

From it, the average erythrocyte diameter is

o 135
or
Do = 1.226%(1—%”).

Here, 7 is the laser wavelength, 6 is the angular coordinate
of the light intensity minimum in the diffraction pattern,
and the parameter u corresponds to the square of the
erythrocyte size distribution width.

Verification of Algorithms by Numerical
Experiment

The verification of the algorithm generally proceeds as
follows. The parameters of the erythrocyte ensemble are
set. The direct scattering problem is solved. Parameters of
the diffraction pattern are found. These parameters are input
into the algorithm for solving the inverse scattering problem.
Parameters of the erythrocyte ensemble are obtained and
compared with the initially set parameters. This allows
assessment of the algorithm’s functionality and accuracy,
and determination of its applicability regarding permissible
ensemble heterogeneity.

We used a model of a symmetric bimodal ensemble
(BME), where the sample contains equal amounts of two
cell types with size parameters p; and p; to verify the
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algorithms. An example of the bimodal distribution is
shown in Fig. 4. Exact parameter values of such an
ensemble are defined by formulas

1 1
po=5(o1+p), =) =3l +¢3),

p1=po(l +e1), p2=po(l+e2).

From these,

2
_(P2—P1 ’_ _P2—PM
K (PI+P2> = VE pL+p2

For the symmetric BME, the normalized angular distribu-
tion of light intensity in the diffraction pattern is described
by the formula

(0) = 4[p232(p10) + p333(020)]
)= (0} +03)0?
1 2

We found the coordinate of the minimum of this function
0 =0y and determined the parameters fo = f(6y) and
fo = £(60)03. Five different bimodal ensembles differing
in size distribution width (u’) were considered. The
obtained data are presented in Table 1. In this table, p; is the
size parameter of the first ensemble component, p, is the
size parameter of the second component, p is the fraction
of the first type particles, pg is the average size parameter
of the particle ensemble, ¢’ is the particle size spread, 6, is
the angular coordinate of the first minimum of light intensity
in the diffraction pattern, fq is the relative intensity of the
first minimum, and, f, is the normalized curvature of the
angular intensity distribution near the first minimum in the
diffraction pattern.

These data were used as input parameters for algo-
rithms (19)—(21). The calculation results according to for-
mulas (19)—(21) are shown in Table 2. Here, py is the exact

Table 1. Parameters of diffraction patterns found by the numerical
experiment method.

Parameters | BME1 | BME2 | BME3 | BME4 | BMES
01 35 34 33 32 31
02 40 41 42 43 44
p 0.5 0.5 0.5 0.5 0.5
00 375 375 375 375 375

JT 6.67 9.33 12.0 14.7 17.3

0o, rad 0.102 0.102 0.101 | 0.101 | 0.100
fo 0.00275 | 0.00515 | 0.00802 | 0.0111 | 0.0143
fa 1.12 0.955 0.760 | 0.556 | 0.354

Table 2. Calculation results

Calculated | BME1 | BME2 | BME3 | BME4 | BMES
Parameters
00 375 375 375 37.5 375
Poa 37.5 374 37.7 37.5 37.7

W, % | 667 | 933 | 120 | 147 | 173
% | 659 | 911 | 115 | 137 | 158
W% | 649 | 911 | 116 | 138 | 158

average size parameter for the bimodal particle ensemble,
Poa 1s the average size parameter found from analysis of
the diffraction pattern by algorithm (21), u’ is the exact
particle size spread, u; is the size spread found by analysis
of the diffraction pattern using algorithm (19), u) particle
size distribution found by analyzing the diffraction pattern
using an algorithm (20). Table 2 shows that with accurate
input data, the algorithm errors do not exceed 10% in the
region u’ < 17%.

Analysis of Diffraction Pattern Noise
Influence

In practice, the diffraction pattern always contains a
random (noise) component. Noise may arise from charac-
teristics of the laser and diffraction pattern video registration
system, scattering of the laser beam on dust particles, etc.
Therefore, it is important to evaluate the robustness of the
proposed data processing algorithms against noise in the
diffraction pattern. We conducted this study by numerical
experiment. The angular distribution of light intensity in the
diffraction pattern was modeled by the function

_ 4pi3i(016) +p33i(p26)]
(o} +p3)6?

£(6) +£(0),

where £(0) is a random function of the scattering angle with
probability density distribution

1 -
galfOSSSé()?
0,if&<0,£> &.
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Table 3. Analysis of the influence of diffraction pattern noise

Parameters | BME1 | BME2 | BME3 | BME4 | BMES
of calculated
diffraction
patterns
6o, rad 0.102 0.101 0.101 | 0.101 | 0.101
fo 0.00533 | 0.00767 | 0.0105 | 0.0136 | 0.0168
fa 1.101 0902 | 0.749 | 0.550 | 0.379
u, % 6.67 9.33 12.0 14.7 17.3
ui, % 93 11.2 133 154 17.3
wy, %o 6.8 9.8 11.7 13.9 15.6

Here, values of this function at different scattering angles
were considered statistically independent (spatial white
noise). In practice, in the region of interest in the
diffraction pattern, noise intensity weakly depends on the
scattering angle. Thus, the spatial white noise model is
adequate for the experimental conditions. For numeri-
cal calculations, the parameters p; and p, were taken
equal to values shown in Table 1. Calculations were
conducted for noise parameter values & equal to 0.001,
0.002, 0.003, 0.004, 0.005. Table 3 presents the pa-
rameters 6y, fo, f, of the calculated diffraction patterns
for noise level & = 0.005 and corresponding calculation
results of parameters u{ and u} using formulas (19) and
(20).

Discussion of Results

This paper presents a new algorithm for measuring
the width of the erythrocyte size distribution using laser
diffractometry of blood smears. The main result is expressed
in formulas (19) and (20). 1In these formulas, u’ is
the width of the erythrocyte size distribution, fy and
f, are parameters of the diffraction pattern formed by laser
beam scattering on the blood smear. Both parameters
characterize the angular light intensity distribution near
the first minimum of intensity in the diffraction pattern.
This region corresponds to the dark ring surrounding the
central maximum. Parameter f( is the relative light
intensity at the first minimum, and f , represents the relative
curvature of the angular intensity distribution near the first
minimum in the diffraction pattern. Mathematically, u’,
fo and f, are defined by formulas (1)—(5). Algorithms
(19) and (20) apply to analysis of weakly heterogeneous
blood samples with symmetric size distribution func-
tions.

Using numerical experiments, we evaluated the accuracy
of algorithms (19) and (20), with results shown in Table
2. The analysis demonstrated that with accurate input data,
algorithm errors do not exceed 10% in the region ' < 17%.

We also studied algorithm robustness against diffraction
pattern noise, shown in Table 3. The data indicate that
for ensembles with erythrocyte size spread 7% < u’ < 17%

Optics and Spectroscopy, 2025, Vol. 133, No. 7

and noise level & = 0.005 algorithm (20) error does not
exceed 9.8%, while algorithm (19) error reaches 39.4%.
Thus, algorithm (20) shows weaker sensitivity to diffraction
pattern noise than algorithm (19). Note also that algorithm
(20), unlike (19), does not require photometry of the
diffraction pattern over a wide angular range, simplifying
the measurement procedure.

Appendix
Derivation of Diffractometric Equations

We use the equation for the normalized angular distribu-
tion of light intensity in the diffraction pattern f (0):

L 0T = (),

where J; = Jy(p0) is the first-order Bessel function, p is the
erythrocyte size parameter (random variable), and angular
brackets denote averaging over the erythrocyte ensemble.
Differentiating the right and left sides of this equality with
respect to the scattering angle 6, we obtain the equations

PH(2f +061)0 = (p°2,3)).

Q| ==

% (pHY(2f +40F" +60*1") = (p*3,37) + (p*3}J}).

Using formulas (11), we eliminate the derivatives of the
Bessel functions from the equations. We obtain

(") 16* = (p*01d1),

ENGITSN

1 , 1
3 (" (2f +017)0 = (0*3130) — 5(/023131>,

%(,04>(2f + 40" +0°1") = % (023131) — (p*31d1)

3
-3 (p33130) + (p*30do).

Consider the region of the diffraction pattern close to the
first minimum of light intensity. Using notation (1) and
assuming 0 = 6y, we get

(0" 005 = (p*3131),

N

1
(") f060 = (p°3130) — o (P*311),

N

(p*)(2fo + f2) = % (P*3131) — (p*3131)
0

Q| =

3
— 9_0 <p3J1J()> + <p4J0J0>

or
1
I (") 005 = (p*311),
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(" T 000 = (0°3130),

N =

p*)fo+ % (") f2 = (p*30do) — (p*3131). Al

Here, the argument of the Bessel functions is the quantity
X = p6Oo.

We write approximate expressions for the Bessel func-
tions near the point X = Xo, defined by condition (8).
Expanding the functions in a Taylor series, we obtain

Jo(X) = —asy’ + axy? — ary + ao,

Ji(X) = bsy® — boy? + byy — by.

Here, the expansion coefficients are defined by the formulas

B B B p
a3 = gX(z), a-2 = 36)((2)’ a-l = 39)((2)’ aO: 62(2X8_3)’
(A2)
o= L. 0= Etsi— )
b, = §x03(x% —7), bp= %XO(X(% - 12)
and 0
y = P20 (A3)

Xo ’
In the same approximation, bilinear combinations of Bessel
functions are given by the formulas

JoJo = Cosy®—Cosy” + Cosy* —Co3y> + Coay*—Co1y + Coo,

J1d1 = ciey®—Cisy® + cuay*—ci3y® + cay*—ciiy + Cio,

Jodi = —Cagy®+Casy’ —Cosy*+Ca3y> —Cany?+Ca1y —Cao.
(A4)
Here,

Cos = @3, Cos = 2a3ay, Cos = 2233 + a3,

Coz = 2(azao + azai),
Coz = 2aza9 + @}, Co1 = 2a;89, Coo = a2,
Ci6 = b3, c15 = 2b3by, c14 = 2b3by + b3,
C13 = 2(bsbg + baby),
12 = 2byby + b, c11 = 2byby, 1o = b3,
Ca6 = @3bs, Cos = azby + axbs,
Co4 = aszby + axby + a;bs,
Co3 = asbp + azxby + a1by + agbs,
Ca = asby + aiby + aghs,
C21 = ajby + aghy, €20 = aghy. (A5)

Using notation (A3), rewrite equations (A1) in the form

(yHfoxg = (y*3di),

R

(y" foxo = (y*J1do),

N —

W fot g 0 2= ('d) - 9. (A6)

Here, angular brackets denote averaging over the random
variable y, proportional to the erythrocyte size parameter.
Using formula (2), we get

0
:M(l

X +eé),

y
where pg = kRy is the average erythrocyte size parameter.
In the homogeneous ensemble approximation, the angle 6y
depends only on the erythrocyte size py. If the ensemble is
heterogeneous, then the angle 6y at which the minimum of
light intensity is seen in the diffraction pattern, depends on
the average erythrocyte size pg as well as on the width of the
erythrocyte size distribution. For a weakly heterogeneous
ensemble, we represent this dependence as

podo _
Xo

1+a,

where « is a small parameter to be determined. Now
y=(14+a)l+e¢). (A7)
Here, o and ¢ are small parameters, i.e.
o) < 1, Je] < 1. (A8)

Note that only parameter € is random. Its characteristic is
the variance (¢?) = u. The other moments of parameter &
in our adopted model are assumed zero:

ey = 4be =
0,n=1,3,...

Substituting expression (A7) into equations (A6), we obtain

(1+a)*((1+e)*) foxg = ((1+£)*01d1),

1
4
L @)1+ foxo = (1 4 2130)

1
(L)) (Fo+ 5 f2) = (1 +)*30d0) = {(1+)*2131).
(A9)
Neglecting powers of parameter ¢ higher than second order,
we obtain

1
(1+s)”:1+ns+§n(n— 1)e?.
In particular,
(I+e)?=1+2e+¢% (1+¢€) =1+3e+3e%

(1+&)* =1+ 4de + 6.

From these,
(1+e)% =1+6pu.

Optics and Spectroscopy, 2025, Vol. 133, No. 7
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Equations (A9) take the form

(1 4+ a)*(1 4 6u)fox3 = (1 + 2 + £2)313y),

(1+a)(1+6u)foxo = ((1+3e +3e%)J1do),

RO —= A —

(1 +6u)(fo+ % fz) = ((1 4 4e + 6£%)IoJo)

— (1 +4e + 6€%)3131)

or
1
3 (1+a)*(1 4 6u)fox3 = (3131) + 2(3131) + (€23131),
1
5 (L+a) (1 +6u)Foxo = (3130) + 3(edido) + 3(e231),

1
(1+ 6) (fo +3 fz) — (30do) + 4edodo) + 6(e230do)

— (3131) — 4(ed131) — 6(23,3,).
(A10)
To calculate the averages, we use approximate expressions

1
) =14 na+ 2 n(n—Du, (") =nu, (") =g,

valid under conditions (A8).
Next, we use formulas for coefficients cy, Cy, C, derived
from (A2) and (A4):

Coefficients ¢ (for brevity, multipliers are omitted (3/6)?):
Cos = Xg» Cos = 12X3, Coq = 54X§, Co3 = 4x3(29x3 — 3),
Coa = 3x3(43x3 — 24), co1 = 36x3(2x3 — 3),

Coo = 4(4x3 — 12x2 4 9);

Coefficients c¢; (for brevity,

X§(B/6)%):
Ci6 = Xg — 6X3 +9, C15 = 6(xg — 7x3 + 12),
Ci4 = 3(5x§ — 44x2 + 90),
C13 = 4(5x§ — 57x3 + 144), c12 = 3(5xg — 74x§ + 243),
11 = 6(xg — 19x3 + 84), c19 = (Xg — 24x3 + 144);
Coefficients ¢, (for brevity, multipliers are omitted (8/6)?):

multipliers are omitted

Cas = X3(X3 — 3), Cas = 3x3(3x3 — 10),
Caq = 30X3(Xg — 4), C23 = 2X3(25%3 — 132) + 18X,
Cy = 3x3(15x3 — 109) + 72X,
Co1 = 21x3(x3 — 10) + 126xq,
Ca0 = 2X3(2x3 — 27) + 72Xo.
Using these formulas, we find
(3131) = x3B%u, (£3131) =0, (¢23;3;) =0,
(31d0) = (axo - %xoy)ﬁz,
(€3130) = B*Xopt, (€23130) =0, (Jodo) = (1 — xgu)?,
(edodo) =0, (£23pdo) = Bu. (A11)
Substituting expressions (All) into equations (A10), we
obtain equations (14)—(16).

Optics and Spectroscopy, 2025, Vol. 133, No. 7

Funding

The theoretical part, development of the numerical
experiment methodology, and data analysis were supported
by the Russian Science Foundation grant (Ne 22-15-00120).
Computer modeling of diffraction patterns was supported
by the Ministry of Education and Science of the Russian
Federation under the Moscow Center for Fundamental and
Applied Mathematics program by agreements Ne 075-15-
2022-284 and Ne 075-15-2025-345.

Conflict of interest

The authors declare that they have no conflict of interest.

References

[1] K.V.Patel, R.D. Semba, L. Ferrucci, A.B. Newman, L.P. Fried,
R.B. Wallace et al. Biological Sciences and Medical Sciences,
654 (3), 258-265 (2010). DOL: 10.1093/gerona/glp163

[2] S. Huang, Q. Zhou, N. Guo, Z. Zhang, L. Luo, Y. Luo
et al. Medicine (Baltimore), 100 (15), e25404 (2021).
DOL: 10.1097/MD.0000000000025404

[3] N.A. Karanadze, YulL. Begrambekova, E.N. Borisov,
YaA. Orlova. Kardiologiya, 62(4), 30-35 (2022).
DOL: 10.18087/cardio.2022.4.n1813 (in Russian)

[4] Ye Yang, Zhenxi Zhang, Xinhui Yang, Joon Hock Yeo,
Li Jun Jiang, Dazong Jiang. J. Biomed. Optics, 9 (5), 995
1001 (2004). DOL: 10.1117/1.1782572

[5] ET. Aksenov, D.V. Mokrova. Pisma v ZhTF, 34(20), 38
(2008) (in Russian).

[6] M. Kinnunen, A. Kauppila, A. Karmenyan, R. Myllyla.
Biomed. Opt. Express, 2 (7), 1803-1814 (2011).

DOL: 10.1364/BOE.2.001803

[7] YusS. Yurchuk, V.D. Ustinov, S.Yu. Nikitin, A.V. Priezzhev.
Kvant. elektron,, 46 (6), 515-520 (2016) (in Russian).
DOL: 10.1070/QEL16108

[8] AE. Shtan’ko, G.S. Kalenkov, A.E. Lugovtsov,
M.A. Karpilova. Meditsinskaya tekhnika, 1 5-6 (2020)
(in Russian).

[9] M. Lebedeva, E.G. Tsybrov, A.E. Nikandrova. V sb.:
it Trudy XVI Mezhdunarodnoj nauchno-tekhnicheskoj kon-
ferencii
glqq Opticheskie metody issledovaniya potokov (Pero, M.,
2021), p. 175-182. (in Russian)

[10] CE.T. Krakau. Biophys. J., 6, 801-811 (1966).

DOI: 10.1016/S0006-3495(66)86696-1

[11] GJ. Streckstra, A.G. Hoekstra, E-J. Nijhof, RM. Heethaar.
Appl. Opt,, 32 (13), 2266-2272 (1993).

DOL: 10.1364/A0.32.002266

[12] A.G. Borovoi, E.I. Naats, U.G. Oppel. J. Biomed. Opt., 3 (3),
364-72 (1998). DOL: 10.1117/1.429883

[13] E. Eremina, Y. Eremin, W. Thomas. Opt. Commun., 244, 15—
23 (2005). DOIL: 10.1016/j.0ptcom.2004.09.037.

[14] P. Tarasov, M. Yurkin, P. Avrorov, K. Semyanov, A. Hoekstra,
V. Maltsev. Optics of Biological Particles, ed. by A. Hoekstra
et al. (Springer, 2007), p. 243-259. DOI: 10.1007/978-1-4020-
5502-7_8

[15] A.V. Priezzhev, S.Yu. Nikitin, A.E. Lugovtsov. J. Quantitative
Spectroscopy and Radiative Transfer, 110, 1535 (2009).
DOL: 10.1016/j.jqsrt.2009.02.027



764

S.Yu. Nikitin, E.G. Tsybrov, M.S. Lebedeva

[16] S.Yu. Nikitin, A.E. Lugovtsov, A.V. Priezzhev. Kvant. elektron.
(in Russian), 40 (12), 1074-1076 (2010).

[17] S.Yu. Nikitin, A.V. Priezzhev, A.E. Lugovtsov. J. Quantitative
Spectroscopy and Radiative Transfer, 121, 1-8 (2013).
DOI: 10.1016/j,jgsrt.2013.02.014

[18] S.Yu. Nikitin, A.E. Lugovtsov, A.V. Priezzhev, V.D. Ustinov.
Kvant. elektron., 41 (9), 843-846 (2011) (in Russian).

[19] VD. Ustinov, E.G. Tsybrov. Inverse Problems in Sci-
ence and Engineering, 28(11), 1633-1647 (2020).
DOL: 10.1080/17415977.2020.1761801

[20] S.Yu. Nikitin, V.D. Ustinov, E.G. Tsybrov, M.S. Lebedeva. Opt.
i spektr.,, 129 (7), 961-971 (2021) (in Russian).

DOI: 10.21883/0S.2021.07.51089.269-20

[21] S.Yu. Nikitin, E.G. Tsybrov, M.S. Lebedeva, A.E. Lugovtsov,
A.V. Priezzhev. Kvant. elektron., 52 (7), 664-670 (2022) (in
Russian).

[22] E. Yanke, F. Emde, F. Lyosh.
it Special’nye funkcii (Nauka, M., 1977). (in Russian)

Translated by J.Savelyeva

Optics and Spectroscopy, 2025, Vol. 133, No. 7



