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Abstract. A simple optical model of single lymphocytes with smooth
and nonsmooth surfaces has been developed for healthy and infected
individuals. The model can be used for rapid (in the real-time scale)
solution of the inverse light-scattering problem on the basis of optical
data measured by label-free flow cytometry. Light scattering patterns
have been calculated for the model developed. It has been shown that
the smooth and nonsmooth cells can be resolved using the intensities
of the sideward- and backward-scattered light. We have found by
calculations and validated by the flow cytometer experiments that
intensity distributions for the cells of lymphocyte populations can be
used as a preliminary signatures of some virus infections. Potential
biomedical applications of the findings for label-free flow cytometry
detection of individuals infected with viruses of hepatitises B or C and
some others viruses are presented. © 2010 Society of Photo-Optical Instrumenta-

tion Engineers. [DOI: 10.1117/1.3503404]
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1 Introduction

Biological cells or other particles are characterized by a num-
ber of techniques.l’7 Flow cytometry with ever-increasing ap-
plications in modern biomedical practice is among the much
used methods.®'® This technique is based on single-particle
analysis. It is extensively applied for the investigation of nor-
mal and pathological leukocytes by combining light scattering
and immunophenotyping. The latter is a time-consuming pro-
cess exploiting expensive monoclonal antibodies. In addition
it uses cell labeling with fluorescence dyes, which are poten-
tially toxic or interfere with normal cell functions."" Conse-
quently, cell characterization through, mainly, scattering sig-
nals is of great interest because of potential reduction of
operating costs and speeding up cell characterization as well
as minimization or avoiding cell modification with dyes and
antibodies. Conventional flow cytometry measures intensity
of scattered light at two directions. Some advanced experi-
mental devices, known as scanning (wide-angle) flow cytom-
eters, measure angular dependences of intensity of scattered
light (“cell fingerprints”) over a wide interval of scattering
angles.l’lz’15 Such flow-cytometric light-scattering patterns
give new opportunities for characterization of normal and
pathological cells.

To take advantage of these opportunities, one should be
able to find a correlation between structures of scattered light
and a scatterer. The correlation is obtained by light-scattering
theory.m’24 It retrieves the parameters of a single particle by
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solving an inverse light-scattering problem. To solve the in-
verse problem, optical models of a single scatterer are re-
quired. There are different models of single scatterers. Some
of these models are very sketchy and take almost no account
of cell structure. An example is the model of a homogeneous
spherical particle.23 The model includes a very limited num-
ber of parameters. Others models are cell-structure-oriented to
a greater extent. An example is the model of a two-layer par-
ticle, which is more adequate. The leukocyte model is more
complex and may include a variety of parameters,zs’27 in par-
ticular, refractive index?*3! (the relative refractive index for
leukocytes is in the range of about 1.01 to 1.08), cell shape
and size, and nuclear shape and size. Biological cell models
developed in the context of light-scattering problems as well
as optical-scattering phenomena in cells and cellular or-
ganelles are the subject of wide spe:culation.n’40

The effect of scatterer surface morphology on light scatter-
ing is discussed with reference to different particles.* ™ Re-
cently, this effect has been examined also for biological
cells.***

As noted earlier, we need have at hand a lymphocyte
model that includes optical and morphometric components.
The first component (refractive index distributions in cell con-
stituents) is not always available at least in reliable, complete,
and cell-specific form. The second component of the model is
rather complex. It takes into consideration, for example, some
nonsphericity of both the cell and its nucleus, quantitative
data on an eccentric nucleus location and nucleus off-
orientation within the (:6:11,26’27 cell surface texture,“’44
on. To calculate the light-scattering pattern for a complex
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model, one is forced to use complicated methods, for ex-
ample, the finite difference time domain method (FDTD) and
the discrete dipole approximation (DDA).**** The previously
mentioned deficiency of the initial optical data makes using
the FDTD (and other complicated and precise methods) some-
times ineffective. In addition, as especially important in on-
line applications, model complexity considerably decelerates
calculations during cell discrimination by the solution of the
inverse light-scattering problem. However, high rate analysis
is essential for scanning flow cytometry. The recorded angular
pattern has to be analyzed rapidly in a real-time scale on the
order of milliseconds. That is why it is important to find some
means to speed up the computer simulation during the cell
characterization.

2 Problem Statement

One way to achieve this aim is to develop a cell model as
simple as possible in the framework of a particular task. Such
an approach avoiding the complex cell model enables us to
characterize cells adequately only to the specificity of a par-
ticular biomedical task. However, for this specific task, we
can characterize a cell quickly. Quickness can be achieved not
only due to simplicity of a particular cell model, but due to
respective simplification of methods of the inverse problem
solving as well. So having at hand a particular biomedical
task, it is reasonable to reveal the most prominent and simple
feature of the cell as applied to the task.

As to a biomedical task, distinguishing of healthy and in-
fected individuals is of great interest. To understand better the
topicality of the task, it is helpful to mention that infections
are ones of the most common diseases afflicting humans. For
example, about 540 million people are chronically infected
with hepatitis B and C worldwide.* In the United States, the
number of people afflicted with hepatitis B and C per year
makes up, respectively, 5 and 1.8% of the population (the data
relate to 1988-1994). Typically, it takes some years from the
instance of the B, C virus infection to symptomatic chronic
liver disease (cirrhosis and cancer); every carrier of the dis-
ease, whether symptomatic or not, is a potential source of
infection to others.*’ Large-scale spreading of the specified
virus infections (as well as of many other), their severe after-
effects for infected individuals themselves, and the eventual-
ity of infecting people around them show that inexpensive and
early recognition of individuals with virus infections is highly
urgent.

As to a prominent and simple feature of the cell, we pro-
pose to distinguish healthy and infected individuals on the
basis of surface structure of peripheral blood lymphocytes.
We purposely pay attention to the structure of the lymphocyte
surface. Our viewpoint is derived from the fact that the sur-
face state of blood cells is responsible for a large variety of
normal and pathological phenomena in healthy and afflicted
persons.47 Consider some data on the structure of a lympho-
cyte surface. The majority of peripheral blood lymphocytes of
healthy individuals have a smooth surface; a smaller portion
of peripheral blood lymphocytes is nonsmooth. Nonsmooth
lymphocytes can be characterized by various features of the
cellular surface structure. One of such surface structural fea-
tures is microvilli, the small extended protrusions from the
surface of a cell membrane. Microvilli can occupy the major-
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ity of a lymphocyte surface.”**’ Another surface structure fea-

ture is folds. There are also some other lymphocyte surface
features. Lymphocyte populations actively respond to viruses
in blood. For example, an analysis of the data in Ref. 47
shows that the ratio of percentage of smooth and nonsmooth
lymphocytes (for instance, folded ones) is noticeably smaller
for individuals with persistent hepatitis C virus as compared
to healthy individuals. (It is worth noting that there are also
data’” on percentage changes of smooth and nonsmooth lym-
phocytes for individuals with persistent viruses of hepatitis B,
tick-borne encephalitis, and herpes simplex as compared to
healthy individual.)

So a potential candidate suitable for fulfilling a role of a
prominent structure feature might be hypothetically identified
as a surface structure of lymphocytes. Here, the following
natural question appears, whether this hypothetical distinctive
feature of cell morphology could be distinguished by a light-
scattering pattern. If this is the case, then it seems reasonable
to pose the task of distinguishing lymphocytes of infected
individuals by the inverse light-scattering problem solution.

Having analyzed the morphological, optical, and
biomededical aspects of the question, we put forward the fol-
lowing assumption: light-scattering patterns of cells with dif-
ferent surface structure features can be used as optical signa-
tures of a normal or pathological status of lymphocyte
populations in peripheral blood of individuals. To test this
hypothesis, we constructed a simple model of lymphocytes of
healthy and infected individuals. With this model, we calcu-
late and analyze the angular patterns of light scattered by the
modeling lymphocyte. The aim is to demonstrate that the non-
smooth lymphocytes, for example, folded ones, can be distin-
guished from the smooth lymphocytes by cell light-scattering
patterns without immunophenotyping (i.e., without using CD
markers of the cells).

To our knowledge, modeling of cell morphology as applied
to distinguishing lymphocyte populations of healthy and in-
fected individuals has not yet been done. Simulation of the
influence of surface cell structures on the cell light-scattering
pattern for patients with persistent infections also is not inves-
tigated. This work is the first attempt to study some aspect of
the problem. To develop a model of lymphocyte with near-
surface features, we use, as a base, the findings of our paper in
Ref. 27, as well as some known data. We adapt the known
data to the problem involved and incorporated them into the
model. The proper references to the original publications of
known data are made. We present the experimental flow-
cytometer data for lymphocytes of healthy and infected indi-
viduals to verify the model.

3 Materials and Methods

Cells of fresh peripheral blood are investigated in parallel for
healthy and infected individuals (age 26 to 48 years). The ex-
perimental cycle of lymphocyte investigation includes cell
study of one healthy and two infected individuals. Three
cycles are made. A total of three healthy individuals and six
infected individuals with persistent hepatitis C and hepatitis B
with hepatic cirrhosis are examined. Hepatitis is diagnosed on
the base of clinical presentation, ELIZA and PSR studies. The
blood samples are obtained by venipuncture after informed
consent of the individuals. The samples are placed in sterile
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tubes containing preservative-free lithium heparin (20 U/ml),
layered on a Ficoll-PaqueTM PLUS (1.077 g/cm’; GE
Healthcare Bio-Sciences AB) and centrifuged at 300 g for
30 min at room temperature. The low-density mononuclear
cells (MNCs) are accumulated at the Ficoll-Paque interface in
accordance with their density. The accumulated cells are col-
lected and washed twice in phosphate-buffered saline (PBS)
containing 0.5% heat-inactivated embryonic calf serum (FCS;
HyClone; Logan, Utah) and resuspended in PBS with 1%
bovine serum albumin (BSA, Serva, Germany). Viability of
the isolated cells is determined by a standard technique with
the help of trypan blue stain (Sigma). The isolated MNC vi-
ability being tested with 500 to 600 cells for each individual is
in the range from 98 to 100%. Final MNC concentration in
suspension is about 1 10%/ml.

Populations of isolated MNCs are determined by direct
immunophenotyping. 5X 103 cells are stained with mono-
clonal antibodies (mAbs) labeled with fluorescence dyes.
FITS and PE are used as fluorescence dyes for the mAbs
against CD14 (CALTAG) and CD45 (Beckman Coulter), re-
spectively. MAbs are used at saturating concentrations. The
staining is performed in 50 ul of PBS containing 1% BSA
with the mAbs for 30 min at room temperature. To correct
nonspecific staining of the cells, the reagents for blocking
Fc-receptors are added to and mixed carefully with the
samples. The samples are then washed twice with PBS con-
taining 0.1% azide. For negative (isotypic) control, the cells
are incubated with mouse immunoglobulin IgG; conjugated
with FITS (IgG,-FITS, Beckman Coulter) and PE (IgG,-PE,
CALTAG) for 30 min at room temperature and then washed
twice by PBS with 0.1% azide.

Cell fluorescence and autofluorescence intensities are mea-
sured by flow cytometry using a FACScan instrument (Becton
Dickinson). (To detect cell autofluorescence, the unstained
MNCs are utilized.) Forward light scattering (FSC) and
sideward light-scattering (SSC) intensities are also measured
by FACScan. Next, the flow cytometry data are analyzed us-
ing the CellQuest software (Becton Dickinson). Populations
of MNCs are determined after software logical gating of the
lymphocytes on the basis of their FSC and SSC. The purity of
lymphocyte population isolated for analysis is 94%. The num-
ber of the cells analyzed for each individual is 3 X 10%.

4 Results and Discussion

In this section, we present a lymphocyte model and calculate
its light-scattering pattern, aiming to distinguish between the
lymphocyte populations of healthy individuals and persons
suspected as being persistently infected by the viruses of
hepatitises B or C, tick-borne encephalitis, or herpes simplex.
The model developed takes into account the surface structure
features of lymphocytes. In this section, we present the ex-
perimental flow-cytometer data for lymphocytes of healthy
individuals and individuals with hepatitises B and C as well.

4.1 Lymphocyte Models and Calculated Light
Scattering Patterns

We model lymphocytes by two-layer concentric spheres (Fig.
1). Such a model, unlike the simplest one:s,23 is more infor-
mative and, as distinct from complex models,27 is suitable for
rapid calculation in real time. The model ignores some struc-
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Fig. 1 Models of the lymphocytes with (a) nonsmooth and (b, ¢)
smooth surfaces. Model (a) is developed in this paper for the cell with
near-surface texture. Figures (b) and (c) display the known lympho-
cyte models with membrane (b) and nucleus (c). The cytoplasm,
nucleus, and layer simulating cell texture are homogeneous. Cell pa-
rameters are indicated in Table 1.

ture features of lymphocytes. We will revert to reasonableness
of our approximation later; for the moment, we proceed by
describing the model. The nonsmooth surface of the cell is
modeled by us as a homogeneous equivolume surface layer
[see Fig. 1(a)]. Different thickness ranges of this layer simu-
late surface features of different kinds, such as, for example,
folds and microvilli. The parameters of the cell model in our
calculation are presented in Table 1 on the basis of our
data®®?” and known data.”®®' Since surface changes of immu-
nocompetent cells under persistent virus infections in question
are nonspeciﬁc,47 we suggest that cell and nucleus sizes and
refractive indexes are the same for the healthy and afflicted
individuals in question. The known models (cytoplasm—
membrane and cytoplasm-nucleus) for a lymphocyte with
smooth surface®™' are shown in Figs. 1(b) and 1(c). It is

Table 1 Cell parameters in our calculation of light scattered by the
lymphocyte being in surrounding media with refractive index 1.35.
Wavelength of the incident light is 0.63 um.

Cell model components Parameters  Values Refs
Cytoplasm Size, um 7.5 26 and 27
Refractive index  1.37 52 and 53
Nucleus Size, um 6.4 27
Refractive index  1.39 54
Surface cell layer Thickness, Folds 0.35 55
(simulating folds or villi) um

Villi 0.05° 56, 57, and 61

1.52 58-60 and refs.
therein

Refractive index

“The value is estimated by us on the basis of data.%6%7°! Note that the number
density of villi is not the same on different lymphocytes. Therefore, it is necessary
to vary the thicknesses of layers modeling villous surfaces for the different cells.
Note also that there is a need to correct the layer thickness of given lymphocytes
to take into account the fact that one part of the villous volume is occupied by
cell membrane while the other part is occupied by cell cytoplasm having refrac-
tive index differing from that of the membrane. We estimate, on the base of the
data in the cited references, that the corrected thickness is 0.05 um for at least
65% of lymphocytes. Estimating the value 0.05 um, we assume that 37.3% of
villi volume is filled by membrane.

September/October 2010 + Vol. 15(5)



Ruban et al.: Light scattering and morphology of the lymphocyte as applied to flow cytometry...

log i

1 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180

scattering angle, deg.

Fig. 2 Angular dependences of light-scattering intensity i calculated
for a nonsmooth lymphocyte. Lymphocyte with microvilli (curve 1)
and folds (curves 2, 3, and 4); thicknesses of the layers mimicking
folds are 0.15 um, 0.25 um, and 0.35 um, respectively; 40.7%,
69.6%, and 100% of fold volume is filled with membrane, respec-
tively. Lymphocyte diameter corresponding to the typical value of
lymphocyte size is 7.5 um. Other cell parameters are indicated in
Table 1.

worth noting that our designations ‘“nonsmooth” and
“smooth” are related to the cells rather than to the cell models.

The results of calculations for light-scattering patterns of
model lymphocytes with nonsmooth and smooth surfaces
[Figs. 1(a)-1(c)] are presented in Figs. 2 and 3, respectively.
We used reliable high-accuracy, up-to-date code® to calculate

intensities i*. The value of i*:iT+i;, where iT and i; are
nondimensional intensities for light polarized parallel and or-
thogonal to the plane of scattering. Sometimes, iT and i: are
referred as the Mie intensities. We averaged the calculated

intensities i* within a collection angle, taken as 7 deg. The
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Fig. 3 Angular dependences of light-scattering intensity i calculated
for the smooth lymphocyte; cell without (curve 1) and with (curve 2)
nucleus. Lymphocyte diameter, membrane thickness, and refractive
index are 7.5 um, 10 nm, and 1.52, respectively. Other cell and
nucleus parameters are indicated in Table 1.
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Fig. 4 Angular dependences of light-scattering intensity i calculated
for a lymphocyte at the left wing of the size distribution of the cells.
Smooth lymphocyte (curve 1), nonsmooth lymphocyte with microvilli
(curve 2) and folds (curves 3, 4, and 5); thicknesses of the layers
mimicking folds are 0.15 um, 0.25 um, and 0.35 um, respectively;
40.7%, 69.6%, and 100% of fold volume is filled with membrane,
respectively. Lymphocyte diameter is 6.7 um. Other cell parameters
are indicated in Table 1.

intensities averaged within this angle are denoted as i. (The
same collection angle is used in the results displayed in Figs.
4-7). Comparison of the light-scattering patterns in Figs. 2
and 3 demonstrates that lymphocytes with surface features
could be discriminated from smooth lymphocytes by the in-
tensity differences. The intensity differences of light-
scattering patterns for nonsmooth and smooth lymphocytes
are mostly observed in the backward-scattered light, although
some similar differences are seen in the forward-scattering

log i
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Fig. 5 Angular dependences of light-scattering intensity i calculated
for a lymphocyte at the right wing of the size distribution of the cells.
Smooth lymphocyte (curve 1), nonsmooth lymphocyte with microvilli
(curve 2) and folds (curves 3, 4, and 5); thicknesses of the layers
mimicking folds are 0.15 um, 0.25 um, and 0.35 um, respectively;
40.7%, 69.6%, and 100% of fold volume is filled with membrane,
respectively. Lymphocyte diameter is 8.25 um. Other cell parameters
are indicated in Table 1.
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Fig. 6 Angular dependences of light-scattering intensity i calculated
for a lymphocyte with membrane thickness of 11 nm. Smooth lym-
phocyte (curve 1), nonsmooth lymphocyte with microvilli (curve 2)
and folds (curves 3, 4, and 5); thicknesses of the layers mimicking
folds are 0.15 uwm, 0.25 um, and 0.35 um, respectively; 40.7%,
69.6%, and 100% of fold volume is filled with membrane, respec-
tively. Lymphocyte diameter is 7.5 um. Other cell parameters are in-
dicated in Table 1.

pattern as well. An angle range of scattering for finding the
maximum intensity differences to distinguish the cells in-
volved is 80 to 180 deg. This angular range is traceable with
a scanning flow-cytometer; part of the range near 90 deg is
traceable with the SSC-channel of a conventional flow-
cytometer. Within the indicated angle range, the nonsmooth
cells scatter light more strongly than the smooth cells, and the
intensity of scattered light for nonsmooth and smooth lym-
phocytes roughly differs by at least a 1.1 order of magnitude.
This difference is sufficient to be revealed, for instance, by
light-scattering channels of a flow-cytometer, and in particu-
lar, by the SSC channel of a conventional flow-cytometer. On
the basis of our calculations, we can anticipate comparative
changes of SSC signal distributions for lymphocytes of in-
fected and healthy individuals. Assume that the percentage of
smooth lymphocytes is decreased and the percentage of non-
smooth lymphocytes is increased, as happens with the cells of
infected patients as compared to healthy individuals.*” In this
case, according to our calculations, the distribution will be
shifted to large SSC signals for the infected individuals as
compared with the healthy ones. Note that for near-backward
directions, smooth cells scatter light more weakly than nons-
mooth cells (see Figs. 2 and 3). This observation is in accor-
dance with data.***

Therefore, smooth and nonsmooth lymphocytes are sepa-
rated by differences in light-scattering intensity (see Figs. 2
and 3). Figures 2 and 3 show the results for typical values of
lymphocyte size and membrane thickness. But the cells and
their membranes have size variability, which can reduce the
separation. Results of calculations taking into account the
variability both of cell size and cell membrane thickness are
presented in Figs. 4—7. One can see that there are still clear
separations between the smooth and nonsmooth lymphocytes.
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Fig. 7 Angular dependences of light-scattering intensity i calculated
for a lymphocyte with membrane thickness of 9 nm. Smooth lympho-
cyte (curve 1), nonsmooth lymphocyte with microvilli (curve 2) and
folds (curves 3, 4, and 5); thicknesses of the layers mimicking folds
are 0.15 um, 0.25 um, and 0.35 um, respectively; 40.7%, 69.6%,
and 100% of fold volume is filled with membrane, respectively. Lym-
phocyte diameter is 7.5 um. Other cell parameters are indicated in
Table 1.

Aiming at a simple cell model, we neglect some structure
features of the cells. In particular, we replace a slightly rough
cell surface by an ideal spherical one. To determine the effect
of such a replacement on particle light-scattering, we use the
known literature data. The authors of paper in Ref. 34 com-
pare calculated scattering patterns for the ideal sphere and a
rough particle. The scattering patterns are computed by the
FDTD method.* For these computations, (1) the optical pa-
rameters of the particles as well as the particle surroundings
are similar to the ones in our calculations for lymphocytes,
namely, diameters of the ideal and rough scatterers are 6 um,
scatterer refractive indices are 1.3675, and surrounding refrac-
tive index is 1.35; (2) the shape and roughness of the particle
with rough surface are reconstructed from the 3-D confocal
microscopy images of polystyrene particles. Now, assume that
the roughness of the particle is analogous to one for the lym-
phocyte surface. Then, the rough particle and the ideal particle
can be considered as an optical analog of the nonsmooth and
smooth cell, respectively. The comparison of the scattering
patterns for the ideal sphere and the rough particle shows that
the mean intensity differences for these scatterers at the
sideward and backward directions are less than 0.4 order of
magnitude, while the differences of scattered light for models
of nonsmooth and smooth lymphocytes are at least 1.1 order
of magnitude. Hence, local roughness of the particle surface
generating scatter in the fashion of very small Rayleigh scat-
terers does not move a central impact on the scattered inten-
sity. It is worth noting that the authors of Ref. 34 also com-
pare FDTD-calculated scattering patterns for the ideal sphere
and a rough B-cell. Its shape and roughness is reconstructed
from the 3-D confocal microscopy images for scattering pat-
tern computation. Analysis of comparison data shows that the
mean intensity differences for these scatterers are less than 0.5
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order of the magnitude. These differences, in general, are
large. Nevertheless, they are rather small in the context of the
problem in question. Note that the small effect of roughness
on angular scattering is also evident when comparing the
light-scattering patterns calculated in paper Ref. 43 for the
ideal sphere and Chebyshev particle being analog of rough
particle. Thus, local roughness of the cell surface generating
scatter in the fashion of very small Rayleigh scatterers does
not have a dominant impact on scattered intensity. For the
folded and villoused cells, the dominant impact for increased
scattering is the thickness of the equivalent coated sphere.

Our lymphocyte model takes no notice of cell nucleus.
Light-scattering patterns for cell models with and without a
nucleus (Fig. 3) demonstrate that the maximal mean intensity
difference is 0.4 order of magnitude. In the scattering angle
range of about 85 to 95 deg, the difference is about 0.1 order
of magnitude. Therefore, it is acceptable to ignore the nucleus
in the lymphocyte model in the context of the problem in-
volved. Generally speaking, a fairer comparison of cells with
and without nucleus would be to correlate a membrane—
cytoplasm in one case and a membrane—cytoplasm—nucleus in
the other case. Nevertheless, provided that light-scattering-
intensity is averaged in a large collection angle, the estimation
being based on the results of Ref. 26 shows that the mem-
brane contribution to the intensity for the sideward
(80 to 100 deg) and backward (160 to 170 deg) directions of
scattered light for lymphocytes is a rather small value (in the
context of the problem). So, a nucleus-free model of lympho-
cytes is adequate in the frame of our biomedical task.

Our lymphocyte model takes no notice of such organelles
as mitochondria and lysosomes, which can potentially con-
tribute to the cell light scattering. The relative importance of
organelles in light scattering is different in various cell types.
Mitochondria play a significant role in light scattering for
cells with high mitochondrial volume fraction,” especially for
hepatocytes and some other cells, for instance, mammary tu-
mor cell line EMT6.%® Some types of cells have a significantly
smaller volume fraction of mitochondria. As to lymphocytes,
data on the number of mitochondria in these cells differ in
various sources. It seems likely that the authors give data for
different lymphocyte populations, including rare ones that are
small in number. Data for the mitochondria contribution to
lymphocyte light scattering are absent to our knowledge. For
these cells one should, however, expect substantially smaller
mitochondria contribution to light scattering than for hepato-
cytes or for other cells with high content of the mentioned
organelles. The fact is that the number of mitochondria in
lymphocytes is about 110 to 150 times smaller than in
hepatocytes.* Lymphocytes contain a few mitochondria.®®
The mean amount of mitochondria in lymphocytes is 3.2 per
cell.®® So, it is reasonable to ignore mitochondria in the lym-
phocyte model. As for lysosomes, their contribution to cellu-
lar light scattering is noticeable for some cells with high con-
tent of these organelles. For EMT6, as an example of such
cells, intensity of light scattered in the sideward direction for
cells with lysosomes and cells without lysosomes (they are
ablated by some procedure) is different by a 0.25 order of the
value.” This difference being quite noticeable is nevertheless
rather small in the context of the present paper. Lysosome
contribution to lymphocyte light scattering will be even less
than the previously mentioned value, because lymphocytes,
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Fig. 8 Normalized histograms of the side-scattering signal distribu-
tions measured with FACScan flow cytometer and analyzed using
CellQuest software (Becton Dickinson) for lymphocytes of a healthy
individual (gray) and a patient with persistent hepatitis C (black).

excluding their small subpopulation as NK-cells, contain few
lysosomes. For example, from the data in Refs. 67 and 68,
lymphocytes contain only several lysosomes. Note, in our on-
line task with millisecond calculations, we ignore the light-
scattering influence of some organelles—in other words, we
ignore certain homogeneity details of cell refractive index dis-
tribution. If long they computation is acceptable (off-line
tasks with calculations, for example, by the DDA method),
then the more realistic distribution of cell refractive index can
be taken into account. The 3-D distributions of this kind are
recently developed for some cells.” Calculations of the cell
light-scattering patterns for large particles such as lympho-
cytes by DDA and similar methods is a separate complex task.
Still, such methods give no opportunity to decrease time com-
putation to obtain the real-time cell-distinguishing that is one
of the main problem of scanning flow cytometry.

4.2 Experimental Data on Light-Scattering for
Lymphocytes of Healthy and Infected
Individuals

As mentioned earlier, intensity differerences in light-
scattering patterns calculated in the frame of the constructed
model are sufficient to see contrast between the lymphocytes
of healthy and infected individuals in the scattering angle
range of 80 to 180 deg. Light scattered near the 90-deg scat-
tering angle can be measured by the side-scattering (SSC)
channel of a conventional flow-cytometer. We compare SSC
signal distributions measured with a conventional flow-
cytometer for cells of lymphocyte populations of healthy and
infected individuals. The comparison, as exemplified in Figs.
8 and 9, shows that for infected individuals as compared with
healthy ones, the distribution is shifted to large SSC intensi-
ties. (The distribution modification detected by the experiment
reflects the lymphocyte population changes for infected indi-
viduals.) The experimental data support the results of our cal-
culations for smooth and nonsmooth lymphocytes of healthy
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Fig. 9 Normalized histograms of the side-scattering signal distribu-
tions measured with FACScan flow cytometer and analyzed using
CellQuest software (Becton Dickinson) for lymphocytes of a healthy
individual (gray) and a patient with virus hepatitis B and hepatic cir-
rhosis (black).
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and infected individuals. To understand the quantitative dis-
crepancy between experimental and calculated data, one
should take into account the following. Experimental data
show scattering of cells for lymphocyte populations from
healthy versus infected individuals. Calculated data show
scattering of single smooth versus nonsmooth lymphocytes.
Since both lymphocyte populations (of healthy and infected
individuals) include both smooth and nonsmooth lymphocytes
(and differ in their proportions; see Sec. 2), the discrepancy
should exist. The less distinction in the proportion of smooth
and nonsmooth cells between healthy and infected individu-
als, the more the discrepancy. It is worth noting that the shift
of scattered intensity distribution for infected individuals as
compared with healthy ones will be larger when measuring
scattered light by scanning flow cytometer rather than by con-
ventional instrument used in our experiment. The fact is that
scattering intensity differences between smooth and nons-
mooth lymphocytes are larger in the backward direction than
in the sideward one. (Recall that measuring of scattering in
the backward direction is accessible for the scanning instru-
ment and inaccessible for the conventional one.) For example,
the difference near the scattering angle 165 deg is about 4.5
times larger than the difference near the scattering angle
90 deg. Along with theoretical calculation, experimental re-
sults show that the indicated changes of the SSC signal dis-
tributions can be used as an additional parameter to be alert to
a disease under primary detection of individuals infected with
hepatitis B and C viruses. So our analysis demonstrates that
scanning wide-angle flow-cytometers, being a new type of
flow device, have a considerable quantitative advantage over
the classic flow apparatus for the task we considered (distin-
guishing the lymphocyte populations of healthy and infected
individuals without using cell CD markers).

As discussed earlier, flow-cytometers could detect infected
individuals directly on the basis of the experimental data ex-
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emplified in Figs. 8 and 9. To solve the task of this detection,
we propose also a different mediated procedure with ad-
vanced facilities. It requires the lymphocyte model and in-
volves solving the inverse problem on the basis of flow-
cytometry light-scattering data. Solving the inverse problem
enables one to distinguish (and to count the proportion of)
smooth and nonsmooth cells in the lymphocyte population of
an individual studied. For healthy versus infected individuals,
the proportions are known to differ substantially. Additionally,
for individuals infected by different viruses, the proportions
also show marked distinctions."’ Consequently, the individual
proportions determined on the basis of solving the inverse
light-scattering problem have potential importance as diag-
nostic and even differential diagnostic criterion. Note that the
experimental data exemplified in Figs. 8 and 9 are best suited
to screening rather than diagnostics. The proposed procedure
based on the solution of the inverse light-scattering problem
needs experimental validation. This is beyond the scope of
this paper.

Thus, the findings show that the concentric homogeneous
layer simulating lymphocyte surface texture (for example, cell
surface folds) is necessary as the important constituent of the
simple lymphocyte model with reference to the particular bio-
medical task involved. The layer simulating surface texture is
applicable also as the constituent of our complex lymphocyte
model”’ to extend and further develop it. As for the simple
lymphocyte model in question, it can be used for rapid (in the
real-time scale) solution of the inverse light-scattering prob-
lem on the basis of optical data measured by label-free flow
cytometry. The proposed approach has another important ap-
plication. It could be utilized to screen individuals of risk
groups, by conventional or wide-angle flow-cytometer under
the real-time mode, for detecting persons suspected as in-
fected with some viruses.

5 Conclusion

A simple optical model of single lymphocytes with smooth
and nonsmooth surfaces has been developed for healthy and
infected individuals. This model can be used for rapid, in
real-time scale, solution of the inverse light-scattering prob-
lem on the basis of optical data measured by label-free flow
cytometry.

Angular patterns of scattered light have been calculated for
the model constructed. Light scattering changes for lympho-
cyte populations of healthy individuals as compared to in-
fected ones were examined by a conventional flow-cytometer.
The experimental results validate the model constructed.

Calculations have demonstrated that the intensity differ-
ences of scattered light enable one to distinguish smooth and
nonsmooth lymphocytes. The cells can be distinguished by
the scattering intensities measured with a flow-cytometer in
sideward and backward directions. Measuring of backward-
scattered light with scanning flow cytometry gives more op-
portunities for distinguishing the cells as compared with using
conventional flow cytometry, as the scattering intensity differ-
ences between smooth and nonsmooth lymphocytes in the
backward direction are larger than in the sideward direction.
For example, the difference at scattering angle 165 deg is
about 4.5 times that at scattering angle 90 deg. The simula-
tion is confirmed by the experiment data obtained with the
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conventional flow-cytometer for lymphocyte populations of
infected and healthy individuals. The intensity distributions
can be used as preliminary signatures of some virus infec-
tions.

The findings show that it is possible to screen individuals
of risk groups by immunophenotyping-free conventional or
scanning flow cytometry for inexpensive and rapid provi-
sional detecting of persons suspected as infected with viruses
of hepatitises B and C, tick-borne encephalitis, and herpes
simplex.
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