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Scattering of a laser beam on a wet blood smear and measurement

of red cell size distribution

Yu.S. Yurchuk, V.D. Ustinov, S.Yu. Nikitin, A.V. Priezzhev

Abstract. We report an automated laser system that allows the red
cell size distribution to be measured. Experiments are performed on
laser light scattering by a suspension of oriented red blood cells (a
wet blood smear). Based on an analysis of the angular distribution
of light intensity in the diffraction pattern, we have restored the red
cell size distribution. The average diameter of a red blood cell is
determined with an error of less than 1%, and the spread of red
blood cells in size — with an error of about 20 %. We discuss the
problems of photometry and processing of diffraction patterns, pre-
paring blood samples and data processing algorithms, including
methods for solving the inverse scattering problem.

Keywords: wet blood smear, laser diffraction, the distribution of
red blood cells in size.

1. Introduction

A distribution curve of measured diameters of red blood cells
(the Price-Jones curve) is an important rheological character-
istic of blood. Standard blood tests measure the basic param-
eters of this distribution, i.e., mean cell volume (MCV) and
red cell distribution width (RDW). Normally, the average
volume of red blood cells is about 90 pm?, and the red cell
distribution width is 12% —14%. An increased distribution
width leads to the risk of cardiovascular and other diseases
[1]. This parameter can be approximately assessed by visual
microscopic examination of a blood smear. A more accurate
measurement is possible by using automated smear-image
analysis performed by a computer [2]. However, both meth-
ods are complicated in practical implementation and require
much computation time.

Modern automatic blood analysers plot a red cell size dis-
tribution curve using electrical (Coulter counter [3]) or optical
(flow cytometry) techniques [4]. In both cases, the measure-
ment is performed on individual cells (about 10000). These
measurements are also very time-consuming or require expen-
sive equipment. Another method of measurements is based
on laser diffractometry. In this case, the size distribution of
red blood cells is found by analysing the diffraction pattern
emerging in the scattering of a laser beam on erythrocytes. In
principle, such measurements are possible on dry blood
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smears [5, 6] or suspensions of erythrocytes [7, 8]. However,
their practical implementation requires a number of problems
to be solved, such as preparation of high-quality blood
smears, photometry of diffraction patterns, suppression of
the speckle noise of diffraction patterns, and development of
special data processing algorithms. In this context, increased
importance is attached to the development of theoretical
models. We have developed an analytical model of scattering
of a laser beam on an inhomogeneous ensemble of particles
mimicking red blood cells [9]. Using this model, we have
found an approximate relation between the dispersion of par-
ticle sizes and the diffraction pattern visibility [10]. More
accurate models are based on the use of modern numerical
techniques such as discrete dipole approximation [11], bound-
ary element method [12], method of integral equations [13],
etc.

Using a phase microscope, Lim et al. [14] studied the
shape of red blood cells in a dry blood smear. The data
obtained show that the shape of erythrocytes in these condi-
tions significantly differs from that of a biconcave disc, which
ared blood cell has in a liquid medium. In this connection, we
used a thin layer of red blood cell suspension (wet blood
smear). We prepared this smear by placing a dilute suspen-
sion of red blood cells between two panes of glass separated
by a distance of approximately 100 um. According to our
observations, in the case of the horizontal arrangement of the
smear, red blood cells settle to the bottom of the cell and are
oriented parallel to the surface of the glass. Thus, the wet
swab combines the advantages of a dry smear (orientation of
red blood cells) and suspension (preservation of the natural
shape of the cells). We note one more important fact: In a wet
blood smear, a jump in the refractive index at the surface of
erythrocytes is much lower than that in the case of a dry
smear. This makes it possible to consider red blood cells in a
liquid as optically soft particles. An erythrocyte, which is in a
liquid, can be simulated by a flat transparent disc, and the
accuracy of this approximation is quite high [15], which
greatly simplifies the theoretical model and the analysis of the
experimental data. In this paper we consider the possibility of
measuring the red cell size distribution on a wet smear of
blood by means of laser diffractometry.

2. Theoretical model

In the experiments we use the radiation from a helium—neon
laser with a wavelength of 633 nm. At this wavelength, red
blood cells weakly absorb light and, therefore, we will con-
sider them to be transparent particles. A normal erythrocyte
is a biconcave disc with an average diameter of about 7.5 um,
a thickness of about 1 um in the centre and an edge thickness
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of about 2 um. Red blood cells are placed in a liquid medium,
where their relative refractive index is 1.05. For the analysis
we will use a part of the diffraction pattern, which lies outside
the direct laser beam and contains first- and second-order
intensity minima. This is a region of scattering angles from 1
to 10°. As shown in [15], in these conditions, scattering of
light by an erythrocyte scarcely differs from scattering by a
flat disc of the same size.

Let us consider the diffraction of a laser beam on a blood
smear. We consider erythrocytes to be transparent flat discs
and assume that all cells lie in the same plane, perpendicular
to the laser beam. To take into account the variation of red
blood cells in size, we assume the radius of an erythrocyte to
be a discrete random variable with the distribution function
p,(R)). For simplicity, we set R; = R + jr, where R is the aver-
age value of the red blood cell radius; r is the step of the radius
variation; and j = 0, £1, £2,..., £m. The objective is to find
the size distribution of red blood cells, based on the analysis
of the diffraction pattern emerging in the scattering of the
laser beam by the blood smear.

In the anomalous diffraction approximation [16], the light
scattering by a transparent flat plate is equivalent to the dif-
fraction of a plane light wave at an opening of the same shape
[9, 17]. In particular, scattering by a transparent circular disc
in the far-field diffraction region is described by the formula
[18, 19]

221 Ji(2mROIA) 12
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Here, Ji(x) is the Bessel function of the first kind; 7 is the
intensity of light; 6 is the scattering angle; [ is the laser radia-
tion intensity; R is the radius of the plate; A is the wavelength
of light; z is the distance from the plate to the observation
screen; y = exp(—iAgp) — 1 is the parameter depending on the
plate material and its thickness h; Ap = knyh(m — 1) is the
phase shift of rays passing through a particle as compared
with the phase shift of rays that have passed by it; k = 2m/A is
the wavenumber; m is the relative refractive index of the plate;
and ng is the absolute refractive index of the surrounding
medium.

Note that this model is one of the fundamental in the the-
ory of scattering of light by red blood cells (see, for example,
[S]). It is called the ‘shadow cross-section model’ [20]. The
experimental substantiation of this model relies on the simi-
larity of the scattering pattern of the laser beam by a blood
smear with the diffraction pattern of a plane light wave by a
circular aperture (see, for example, [17, 21]). The advantage of
this model is that it allows one to analytically describe light
scattering by an ensemble of red blood cells, which is impor-
tant for the development of data processing algorithms. In
particular, this model helped to find approximate expressions
for the mean radius R and the scatter of red blood cells in
their size 5 g = {((R/R — 1)*>)"? on a blood smear [10, 17]. These
expressions have the form:

R =0.611/6,, 6z = V(1 —)/76.

Here, 60, is the angle at which the first minimum in the diffrac-
tion pattern is observed; v = (I, — I})/(I, + I;) is the visibility of
a specific portion of the diffraction pattern; and 7; and I, are
the intensities of the first minimum and first maximum in the
diffraction pattern, respectively.

In scattering of a laser beam by a single erythrocyte, the
Fraunhofer diffraction zone begins at a distance of zy4 = kd*/2
= 0.3 mm from the red blood cell (d is the diameter of a red
blood cell). However, we need the first minimum of the dif-
fraction pattern to extend beyond the direct laser beam. At a
beam diameter D = 2 mm, this occurs at a distance z =
Dd/2.44), ~ 1 cm from the blood smear. Therefore, the obser-
vation screen should be place at a distance of no less than
1 cm from the smear. This condition was satisfied in our
experiments.

Using the theoretical model developed in [9, 10, 17], we
can write the normalised angular distribution of the intensity
of light scattered by a blood smear:

Oy i)

2
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where z is the distance from the blood smear to the observa-
tion screen. Parameters 8 and @ are the constant dimension-
less quantities. The first of them allows one to write the inten-
sity distribution in arbitrary units (which is useful for com-
parison of the theory with the experiment), and the second
takes into account the existence of a background in the dif-
fraction pattern. This background is caused by noises of dif-
ferent nature, random orientation of part of the red blood
cells in space, etc.

Equation (2) was obtained under the following assump-
tions: The observation screen is located in the far-field dif-
fraction zone; all cells have the same thickness; cells on the
smear are located randomly; and the diffraction pattern is
averaged over random coordinates of cells, providing a sup-
pression of the speckle noise of the diffraction pattern.

Equation (2) gives the solution of the direct problem of
diffraction, i.e., expresses the light intensity distribution in the
diffraction pattern through the characteristics of an ensemble
of particles. To solve the inverse problem, i.e., to find the red
cell size distribution with the help of laser diffractometry data,
relation (2) should be written for a number of specific scatter-
ing angles 6,,0,,.... Then we obtain a linear system of equa-
tions relating the parameters F(60,), F(0,),... and py,po,....
Solving this system, we can define a set of parameters
D1:D2, - - - 1.€., to reconstruct the distribution p;(R)).

3. Experimental

3.1. Preparation of blood samples

We examined three blood samples of healthy donors (males
aged 20 to 23). To prepare a suspension, blood was separated
from plasma with phosphate buffered saline. Washed red
blood cells were obtained by centrifugation and removal of
supernatant liquid. This procedure was carried out two—three
times and led to the purification of red blood cells from
plasma proteins. As a result, erythrocyte aggregation (bond-
ing) decreased. The resulting solution in an amount of 10 uLL
was placed between a cover slip and a slide, separated by
approximately 100 um. The erythrocyte concentration in the
solution should be sufficient to observe the diffraction pat-
tern; however, a too large cell concentration may lead to their
bonding and formation of complex structures that are similar
to crystalline. This process can cause changes in the intensity
distribution of the diffraction pattern [5]. The appearance of
a wet smear of blood under a microscope is shown in Fig. la.
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Figure 1. (a) Appearance of a wet blood smear under a microscope and
(b) diffraction pattern occurring in the scattering of light by the blood
smear.

3.2. Experimental setup

Our experimental setup comprises a helium—neon laser, a
polarisation attenuator, a system for generating a light beam,
a screen for observing the diffraction pattern, a camera and a
computer. In this paper we used a Hamamatsu ORCA Flash
4.0 technical camera; a translucent screen was a sheet of white
paper. The scheme of the setup is shown in Fig. 2.
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Figure 2. Experimental setup:

(1) He—-Ne laser; (2, 3) polarisers; (4, 6) apertures; (5) lens system; (7)
blood smear; (8) camera; (9) translucent screen with a laser-beam ab-
sorbing plate.

The power of the 633-nm helium—neon laser was adjusted
by a system of crossed polarisers. The laser light intensity
should be attenuated so that to ensure that the recorded dif-
fraction pattern does not extend beyond the dynamic range of
the CCD camera. The laser power up to the system of polaris-
ers was | mW. Due to the chaotic arrangement of red blood
cells on the smear surface, the diffraction pattern was charac-
terised by speckle noise. For the speckles (spots) to be small
compared to the size of the diffraction pattern, we increased
the diameter of the laser beam with a telescopic lens system by
approximately two times (up to 2 mm). Lenses and polarisers
have dust and scratches, on which the laser beam is diffracted
and partially dispersed. Thus, there arises a parasitic interfer-
ence pattern in the form of contrasting concentric rings vio-
lating the uniformity of illumination. To eliminate this effect,
we used spatial filters, i.e., apertures (4) and (6). After scat-
tering on a blood smear ( 7), light was incident on the obser-
vation screen and photographed.

To prevent incidence of non-scattered laser light on the
camera matrix, we fixed on a paper screen a laser-beam
absorbing square plate with a side of 5 mm. The plate was
mounted on that part of the paper screen onto which the laser
beam fell in the absence of the smear. The sensor of the cam-

era had the following characteristics: 13.3 x 13.3-mm black-
and-white CMOS sensor with a resolution of 2048 x 2048
pixels and a 16-bit ADC. Air cooling made it possible to lower
the sensor temperature down to —10°C, which reduced the
noise and thus increased the dynamic range of measurements.
The camera was controlled by a computer, which also allowed
processing of the registered image.

3.3. Diffraction of the laser beam on a reference object

To demonstrate the ability to obtain correct information
about the intensity distribution in the measured scattering
pattern, we performed an experiment with a reference object,
in the form of a thin slit, on the assembled setup. Figure 3
shows the measured light intensity distribution in the diffrac-
tion pattern. Diffraction of a plane light wave at the slit of
width d is described by the formula [19]

7= (%) ®

where x is the coordinate on the observation screen, and z is
the distance from the screen with the slit to the observation
screen. The theoretical curve plotted by formula (3) at d =
128 um is shown in Fig. 3. Measuring the slit width with a
microscope yielded ¢ = 127 um, which is consistent (within
the error) with the data of laser diffractometry. The results
presented in Fig. 3 lead to the conclusion that the photometry
of the diffraction pattern is conducted properly in a suffi-
ciently wide range of light intensities.
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Figure 3. Light intensity distribution in the diffraction pattern obtained
on the slit. Points show the photometry data of the diffraction pattern
obtained by the camera; the solid curve is constructed using formula (3).
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4. Experimental results and their processing
4.1. Scattering of light on a blood smear

The diffraction pattern obtained for a laser beam scattered on
a blood smear is shown in Fig. 1b. The blood smear was fixed
on a vertical translator (see Fig. 2). To reduce the influence of
the speckles, we displaced several times the smear by 1 mm
during shooting in a plane perpendicular to the plane of the
figure. To reduce the influence of background light, images
were taken in a darkened room.

The measured intensity distributions were averaged over
20 frames in order to suppress the speckle noise of the diffrac-
tion pattern. In addition, after each measurement we took
images with the laser turned off. Background levels assessed
with the help of such images were subtracted from the data
containing information about the intensity distribution in the
diffraction pattern. This made it possible to reduce the influ-
ence of noise components and eliminate the background light.
The described processing procedures were implemented by
using the MATLAB software package and LabVIEW graphi-
cal development environment. Distributions obtained with
the blood smears were smoothed by a running average. The
smoothing window was chosen so that the depth of the dip of
the first diffraction minimum remained the same. The inten-
sity distribution resulting from the processing of recorded
images is presented in Fig. 4.
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Figure 4. Angular distribution of the light intensity in the diffraction
pattern obtained from a wet blood smear.

4.2. Analysis of experimental data using a simplified model
of a red blood cell

In this section we analyse the obtained data by using a simpli-
fied model of a red blood cell — a flat disc model, in which the
light intensity distribution in the diffraction pattern is
described by formula (2). The parameters  and @, as well as
the distribution p;(R;) in this formula are selected in such a
way as to ensure the best fit of the theoretical intensity distri-
bution with the experimental data shown in Fig. 4. The result
of the approximation is shown in Fig. 5. One can see that the
experimental and theoretical distributions are in good agree-
ment with each other. Using the thus found red cell size distri-
bution p;(R;), we calculated the average radius R of a red
blood cell, and the variation of red blood cells in size d for
this blood sample. Then, the same parameters were measured
with a microscope. These procedures we repeated for the
other two blood samples. The data obtained are presented in
Table 1. Here are the results of measurements of the average
radius of erythrocytes and the scatter of red blood cells in size,
made by diffractometry and microscopy methods. It can be
seen that the error in the measurement of these parameters by
the diffractometry method is less than 10%. This allows us to
draw a conclusion that our theoretical model is adequate and
that the laser diffractometry method can be used to measure
parameters of the red cell size distribution.
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Figure 5. (/) Experimental and (2) theoretical distributions of the light
intensity in the diffraction pattern obtained in the scattering of a laser
beam by a wet blood smear. The theoretical distribution is constructed
using formula (2).
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Table 1. Parameters of red cell size distribution determined by the
methods of diffractometry and microscopy.

Method
Donor - -
Diffractometry Microscopy
1 R =39+0.4um R=39+04um
0r=7.0%0.8% 0r=72%0.8%
) R=42%05um R=39+04um
0r=7.8+0.9% 0r=8.5+20.9%
3 R=40+04um R=39+04um

Sr=8.6£0.9% Sr=9.5£0.9%

4.3. Solution of the inverse scattering problem
with allowance for the real shape of the erythrocyte

This section provides a general method for solving the inverse
scattering problem and analyses the experimental data on
laser diffractometry of a wet blood smear, taking into account
the real shape of red blood cells. The angular distribution of
the scattered light intensity, observed in the far-field diffrac-
tion region, is denoted by (f). In a real experiment, it is
determined with some uncertainty, and we can assume to
know the norm

[0 - 1opde = |1- 1 = &
0

of the difference between the experimentally measured inten-
sity distribution and the distribution corresponding to the
theoretical model 7(6) in the class of function L,[6;,6,]. This
class includes all continuous functions and discontinuous
functions in a finite number of points. Here, [0,,60,] are the
boundaries of the angular range in which diffraction occurs.

Let w(R) be the probability density function for the radius
of a red blood cell, and 7(R,0) is the intensity of light scat-
tered by a red blood cell of radius R in the direction 6. Then,
the function w(R) can be considered as a solution of the inte-
gral equation

N[ IR,0)w(R)R = I(6), 4)
Ry

where N is the number of red blood cells irradiated by the
laser; and R, and R, are the minimal and maximum radii of
red blood cells in the ensemble, respectively. The type of the
function I(R,0) depends on the adopted approximations
regarding the shape of the erythrocyte. Here we use a more
accurate model of a red blood cell — a biconcave disc model.
The thickness of the red blood cell in the centre of the disc will
be considered equal to 2R/7.5, and on the periphery of the cell
—4R/7.5 at the disc radius R (in um). We will calculate numer-
ically the function I(R,0), using the discrete dipole approxi-
mation and ADDA programme described in [22].

As shown in [23], the stability of the solution of equation
(4) will increase significantly if we multiply both sides of (4)
by 03, multiply and divide the integrand by R and seek the
unknown function Rw(R). Thus, below, instead of equation
(4) we will have in mind an equivalent, but with better proper-
ties, equation

2 3 J
v | 1RO ru(r)dR = 6°F0). ®

It is known (see, for example, [23]) that problem (4) is
incorrectly set in the sense that although it has a unique solu-
tion, it is, however, unstable. The integral operator in the left-
hand side of (4), by virtue of the continuity of the kernel func-
tion I(R,6), is linear and completely continuous. This means
that Tikhonov’s regularisation method (see, for example,
[24]) can be applied to it. Consider the Tikhonov functional

2
w

M(w) :HAw—in—i-a| , (6)

where A is the integral operator in the left-hand side of equa-
tion (4); the first norm is taken in the class of functions
1,[0,,0,], and the second — in a narrower class of functions
W21(R1,R2], to which only continuous functions actually
belong. The regularisation parameter « is determined by the
trial-and-error method. To improve the accuracy of data
recovery, we took into account the following a priori informa-
tion about the function w(R): smoothness of the function
[Ww(R) € W[(R}, R,]], finiteness of the range of variation of the
particle radii (R; < R < R;), and non-negativity of the func-
tion [w(R) = 0]. For a correct account of the last two condi-
tions, functional (6) was minimised in accordance with the
following iterative procedure [25]:

Wis1 = wi +BATT = B(A™A + aH)wy., (7)

where £ is the real sufficiently small constant, which is deter-
mined by the condition 0 < 8 < 2/A,,,; and A,y is the maxi-
mum eigenvalue of the matrix AT4 + aH. The matrix H is
determined by the partition step of the interval [R;, R,]. The
explicit form of this matrix is given in [24] (Chapter 1,
Section 5). If in the right-hand side of (7) wy +(R;) <0, then we
assumed that A = 0. In addition, for any value of k, we
assumed that wy,(R;) = w4 (Ry) = 0. In our calculations,
this method led to correct results already at a sufficiently
small (~10) number of iterations, although formally in the
numerical experiment, convergence is achieved only when the
number of iterations is equal to ~10* For all the calculations,
from the experimental data on intensity 1(6) we selected an
interval [0}, 0,] from 2 to 10° with a discrete uniform partition-
ing into 60 points. The interval [R;, R,] was set equal to 2—
7 um with a partitioning into 200 points, which gives a suffi-
ciently good approximation of the integral in the left-hand
side of (4) by the finite partial sum. The thus obtained distri-
bution w(R) for one of the blood samples is shown by the
solid curve in Fig. 6. The dashed curve shows the red cell size
distribution determined with a microscope. Note the similar-
ity of the obtained distributions. In particular, it is estimated
that the average diameters of the erythrocytes in this blood
sample, obtained by diffractometry and microscopy methods,
differ by less than 1%, while the estimates of the erythrocyte
scatter in size differ by about 20 %.

5. Conclusions

We have developed an experimental setup for laser diffrac-
tometry of a blood smear and for measurements of red cell
size distribution. Experiments with a reference object (narrow
slit) have shown that this setup allows photometry of diffrac-
tion patterns in a fairly wide range of light intensities. For
diffractometry we have used a wet blood smear, which is actu-
ally a thin layer of a suspension of red blood cells. For the
interpretation of the experimental data we applied the theo-
retical model in which red blood cells are presented by flat or
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Figure 6. Red cell size distributions determined by (solid curve) diffrac-
tometry and (dashed curve) microscopy for a wet smear of blood. In
measurements by both methods, erythrocyte ensembles containing ap-
proximately 1000 cells have been processed. In the theoretical model,
the real shape of the red blood cell (a biconcave disc) has been taken
into account. Scattering of light on a red blood cell is calculated in the
discrete dipole approximation using the ADDA programme, and the
inverse scattering problem is solved using Tikhonov’s regularisation
method.

biconcave discs. Using a simplified model of a red blood cell
(flat disc model), we have solved the direct problem of scatter-
ing and calculated the light intensity distribution in the dif-
fraction pattern, based on the known size distribution of
erythrocytes. The calculation has shown good agreement
between experimental and theoretical distributions. This
leads to the conclusion about the adequacy of our theoretical
model. Using a more accurate model of the red blood cell
(biconcave disc model), we have solved the inverse scattering
problem and reconstructed the red cell size distribution in the
blood sample. The thus obtained distribution has proven to
be very similar to the distribution measured using a micro-
scope. In particular, the average diameter of an erythrocyte is
determined with an error of less than 1%, and the scatter of
erythrocytes in size — with an error of about 20%. Thus, laser
diffractometry allows the red cell size distribution to be mea-
sured in suspensions of oriented erythrocytes.
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