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Abstract. Red blood cells �RBCs� in the presence of plasma proteins
or other macromolecules have a tendency to form aggregates. Light-
scattering technique was used to investigate the RBC aggregation pro-
cess. A highly diluted suspension of RBCs was illuminated with a
632.8-nm HeNe laser. Angular-resolved measurements of light inten-
sity scattered by an RBC suspension from a 200-�m thick optical
glass cuvette during 10 min of their aggregation process were per-
formed at 1 to 4 off-axis deg with a very high angular resolution, at
hematocrits in the range of 3.5·10−2 to 10−1. The angular spreading
of forward-scattered light at small angles during the RBC aggregation
process was described in terms of a new, effective phase function
model that has been used for fitting the experimental data. The aggre-
gated RBCs’ optical properties, such as effective scattering anisotropy
and scattering cross section, were determined. The results were com-
pared with prediction of Mie theory for equivolumetric spherical par-
ticles. The time dependence of the aggregates mean radius and of the
mean number of cells per aggregate was also calculated. Last, the
potential of the proposed technique �forward-scattering light tech-
nique� as a new quantitative investigation of cellular aggregation pro-
cess was estimated. © 2008 Society of Photo-Optical Instrumentation Engineers.
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Introduction

he knowledge of the optical properties of human blood1 �as
whole and also as components� plays an important role for
any diagnostic and therapeutic applications in laser medi-

ine and medical diagnostics. As a main component of blood,
ot only by their volume but also by their role, red blood cells
RBCs� can be easily collected, isolated, and handled. They
ave no internal macroscopic structure. Therefore, knowledge
f the optical properties of RBCs in suspension, such as the
cattering and absorption coefficients and the scattering phase
unction, is of crucial importance for the development of laser
edicine. The dedicated literature, especially related to RBC

ptical properties, covers a diversity of aspects ranging from
heoretical2–8 and/or experimental9–15 approaches to medical
pplications with diagnostic purposes.16,17

The morphology of RBC aggregation in whole blood and
n RBC suspensions at rest and in shear flow is successfully
tudied by optical methods.18–22 Previous studies of RBC ag-
regation have suggested that the aggregation process in-
olves three steps. It starts with the formation of pairs from
he cells that associate with each other side by side. Primary
ggregates comprising only two adjacent cells develop further

ddress all correspondence to Cristian V. L. Pop, Natl. R&D Institute for Isotopic
Molecular Technologies, Molecular & Biophysics Dept., 71-103 Donath St.,

00293 Cluj-Napoca, Romania. Tel: +40264584037 ext. 109; Fax:
40264420042; E-mail: cvl.pop@itim-cj.ro.
ournal of Biomedical Optics 041308-
into linear aggregates of different lengths known as
rouleaux.23–25 These rouleaux are bound end-to-end and end-
to-side. They form a three-dimensional �3-D� network that is
tightened by cohesive forces into large dense aggregates �con-
taining thousands of RBCs� separated by plasma layers. It is
commonly accepted that such aggregation is mostly due to the
nonspecific adsorption of the aggregating plasma proteins on
the surfaces of adjacent RBCs. Nonetheless, there is evidence
that protein adsorption is not the only mechanism for
aggregation.26,27

Due to its importance in hemorheology, the RBC aggrega-
tion process has many approaches. Measurement of optical
microscopy,28 zeta sedimentation rate,29 image analysis in a
flow chamber,30 ultrasound backscattering,31,32 and
photometry19–22,33 are among the methods that have been em-
ployed to quantitatively study the aggregation. Despite the
fact that RBC aggregation can be assessed using different
techniques, two main approaches have been developed in the
aggregometry. The first is based on the registration of light
transmission through the studied blood layer in a
cone-plate21,22 or plate-plate34 viscometer. The second ap-
proach is based on the registration of the backscattered light
from a blood layer in a Couette-type viscometer.19,20,35

This paper reports the results of a quantitative investiga-
tion of the RBC aggregation process. The main goals of the

1083-3668/2008/13�4�/041308/8/$25.00 © 2008 SPIE
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resent study are to measure, with a very high resolution, the
ngular spreading of light forward scattered at small angles by
BCs in suspensions, at low hematocrits, during the aggrega-

ion process; to determine the behavior of aggregated RBCs’
ptical properties �scattering cross section and effective scat-
ering anisotropy� during the aggregation process, comparing
he measured data with the predictions of the new effective
hase function model3 and Mie theory; and to estimate the
otential of the proposed technique �light forward-scattering
echnique� as a new method for quantitative investigation of
he cellular aggregation process. In a previous published
aper,11 we made an accurate investigation of the angular
preading of light forward scattered at small angles by RBCs
n suspensions, when all RBCs are singly dispersed.

Theoretical Aspects
.1 Forward-Scattered Light Distribution
he theoretical approach using a red light at 632.8 nm is

acilitated by the fact that RBCs have a very small absorption
ross section12 �a versus scattering cross section11 �s
�a�0.2 �m2, �s�68.4 �m2, �a /�s�10−2�, and conse-
uently, almost all photons interacting with RBCs are scat-
ered. Since the mean size of RBCs is roughly ten times larger
han the wavelength of the incident radiation and the relative
efractive index of the internal �ni�1.40� and external �ne

1.33� media is close to one �nr=ni /ne�1.05�, the light is
cattered in the forward direction in a narrow angular range,
ith the scattering process being extremely anisotropic. For

hese reasons, we measured the intensity of light scattered
orward at small angles. Another reason, which is in fact more
mportant, is that the photon flux can be described analytically
n the small angle approximation3 by an effective phase func-
ion fef f�� ,�� �Henyey-Greenstein type�,3,11 if the two RBC
arameters are known: the mean value of the scattering cross
ection �s and the scattering anisotropy g �the mean cosine of
he scattering angle�. This new effective phase function

odel3,11 can be briefly described by the following equations:

�s = �o�1 − e−��,
�s��,��

�o
� �1 − e−��fef f��,�� , �1�

� = �d �
�s

v
Hd ,

fef f��,�� �
1

2

1 − gef f
2 ���

�1 − 2gef f���� + gef f
2 ����3/2 , �2�

gef f��� = g
��−1�e�+1

e�−�−1 ,

here �s is the total scattered photon flux, �o is the incident
hoton flux, � is the optical depth, �s is the angular flux of the
hotons scattered in the direction given by the angle between
he incident and the observation directions �axial symmetry
etup�, � is the extinction coefficients ��=cos �, where � is
he scattering polar angle�, d is the sample thickness, v is the
ingle RBC mean volume, and H is the hematocrit �volumic
raction of RBCs�.
ournal of Biomedical Optics 041308-
In Eq. �1�, the attenuated flux of the unscattered photons is
given by �o ·e−�, and the term �1−e−�� shows in which way
the total scattered light increases with optical depth, while the
term feff �� ,�� describes the spatial distribution of the scat-
tered light. The physical meaning of Eq. �2� is that the whole
scattered volume exposed to the light beam can be modeled as
a “macroscopic“ particle having the same Henyey-Greenstein
type phase function as for a single RBC but with the scatter-
ing anisotropy g replaced by �-dependent effective anisotropy
function gef f���. The model described by Eqs. �1� and �2� is
based on some approximations.3,11 Its domain of validity is
related to the attained desired accuracy and depends on the set
of values for the g, �, and � parameters. The domain of va-
lidity depends strongly on � and much less on � and g. Fur-
ther, it will be shown that the scattering anisotropy can be
considered constant during the RBC aggregation process.
Therefore, for a value of the scattering anisotropy g=0.979
�experimental value for RBCs�11 and a chosen angular domain
�=1 deg to 4 deg, the domain of optical depth will be
��10 to ensure an accuracy higher than 95%.

The behavior for angular spreading of light scattered at
small angles by a diluted suspension is revealed by three pa-
rameters: scattering anisotropy, scattering cross section, and
concentration �expressed by hematocrit or scattering centers
density�. Based on Mie theory for equivolumetric spherical
particles, the dependences of scattering anisotropy and scat-
tering cross section by the radius of scattering centers can be
obtained, as it is shown in Fig. 1. Two main observations arise
from these dependences: in the first approximation, the scat-
tering anisotropy can be considered independent of the scat-
tering centers radius, and the scattering cross section has a
quadratic dependence by radius of scattering centers.

The RBC aggregation process leads to a decrease of scat-
tering centers per volume unit due to the fact that each aggre-
gate becomes a new scattering center. Generally, in RBC sus-
pensions, during the aggregation process, there is a
heterogeneous distribution of aggregates having different
number of cells and, consequently, different size. Moreover,
the aggregation process being a dynamic one, the mean size
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Fig. 1 Theoretical dependences by radius of scattering centers ob-
tained from Mie theory for scattering anisotropy and scattering cross
section. The scattering cross section is well-fitted by a parabolic func-
tion. All dependences start from ro=2.78 �m �the radius of a single
RBC volume-equivalent sphere�; below this value, there is no physical
meaning for RBCs.
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f aggregates, respectively the mean number of cells per ag-
regate, will increase in time. An other important fact is that
n an RBC suspension, the hematocrit does not change during
ggregation. As a result, the two ways to expres RBC suspen-
ion concentration, by hematocrit or scattering centers den-
ity, are not equivalent anymore.

.2 Working Hypothesis

ue to the complexity of the RBC aggregation process, to
nd an accurate theoretical model that explains the angular
istribution of scattered light by RBCs during the aggregation
rocess is a real challenge. Nevertheless, there are few studies
elated to light scattered by aggregated RBCs,36,37 but only for
ouleaux consisting of two to eight cells. Consequently, to use
he same approach for RBCs singly dispersed, some approxi-

ations of the RBC aggregation process were established.
fter the initial moment of time �t=0�, when all RBCs are

ingly dispersed, at any other moment of time, the RBC ag-
regation process is ruled by our working hypothesis, as fol-
ows:

• All aggregates formed have the same number of cells

a, represented by the mean number of cells per aggregate in
eal conditions.

• All aggregates are spherical,28 each volume being pro-
ortional with Na.

• The scattering cross section increases quadratically with
he aggregate radius.

• Aggregates, once formed, do not break up �irreversible
nteraction�.28

Under these hypotheses, we established the next equations:

Va�r� = v�r/ro�3, �s�r� = �so�r/ro�2, �3�

��r� = ��s�r�/Va�r��Hd = �ro/r��o, �4�

with �o = ��so/v�Hd , �5�

here Va is the aggregate volume, r is the aggregate radius
represented by the aggregate mean radius in real conditions�,
nd ro is the radius of single RBC volume-equivalent sphere
ro=2.78 �m for v=90 �m3�,11,12 �so is the single RBC scat-
ering cross section, and �o is the optical depth at the initial

oment. In other words, the aggregate volume, scattering
ross section, and optical depth become r-dependent functions
uring the RBC aggregation process. Further, based on Eq.
2�, the effective anisotropy function gef f becomes the
-dependent function gef f ���r��. Obviously, the aggregates
adius is a time-dependent parameter during RBC aggrega-
ion.

In conclusion, Eq. �4� shows that the increase of the aggre-
ate mean radius leads to a decrease of suspension optical
epth. Furthermore, during the aggregation process, the opti-
al depth decreases with the power of the scattering centers
ensity and increases with the cube of the radius, so the ag-
regate radius becomes the driving factor of the effective an-
sotropy parameter variation.
ournal of Biomedical Optics 041308-
3 Experimental Materials and Methods
3.1 Preparation of Blood Samples
Venous blood samples were obtained from healthy adult do-
nors, with an age range of 25 to 47 years old and of either
gender, via withdrawal into sterile vacuum tubes containing
3.8% natrium citrate. The RBCs were separated from the
blood by centrifugation at 1200 g for 10 min and washed
three times in an isotonic saline buffer �145 mM NaCl, 5 mM
KCl, 5 mM HEPES, pH 7.4�. Then, the washed RBCs were
resuspended in autologous plasma with hematocrit values in
the range of 3.5·10−2�H�10−1 and used for light-scattering
measurements and optical microscopy imaging. For all the
experiments, the RBCs suspensions were stirred 3 min to dis-
perse pre-existing RBC aggregates before placing them into a
200-�m-thick optical glass cuvette. All measurements were
done at room temperature �21	1 °C� and completed within
2 h after venipuncture.

3.2 Experimental Setup
The light source used was a 632.8-nm linearly polarized
continuous-wave HeNe laser �JDS Uniphase, Model 1125P�
with a power of 5 mW in TEMoo mode. The beam diameter
at 1 /e2 was 0.81 mm, and the beam divergence 1 mrad. The
laser beam was directed onto a 200-�m-thick optical glass
cuvette ��20-�l volume� containing the sample of RBCs in
suspension at rest. A complementary metal oxide aemiconduc-
tor �CMOS�38 sensor monochrome camera �PixeLINK, Model
PL-A741� with a resolution of 1280
1024 pixels at 27 fps
was used to detect the small-angle scattered light. For moni-
toring the RBC aggregation process, the data were transferred
in real time to a computer that captured an image �in bitmap
file format� at each 10 s during 10 min, for each sample. The
schematic diagram of the experimental setup it is shown in
Fig. 2.

3.3 Angular-Dependent Light Scattering
Measurements

Usually, the angular distribution of scattered light is detected
by goniophotometric devices and can be performed on
180 deg with a resolution of 0.01 deg. Since our interest fo-
cuses on the domain of small scattering angles, the angular
resolution was greatly improved by using a CMOS sensor
camera as a detecting device. The angular detecting range in
the forward direction was between 1 and 4 off-axis deg with a
resolution of 3.125 millidegrees. The main difficulties that
appear by when using coherent light sources are related to the
speckled images given by the interference of scattered pho-
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Fig. 2 Schematic diagram of the experimental setup used for angle-
resolved measurements of light intensity scattered by RBC suspension
at small angles.
July/August 2008 � Vol. 13�4�3
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ons. In order to smooth the speckled images, the CMOS sen-
or camera was set up to 960
256 pixels at 100 fps, and
ach captured image was in fact obtained by averaging 500
rames. Due to the refraction effect, in order to obtain the
orrect scattering angles, the measured data were corrected to
void the refractive index mismatch �internal media—plasma,
nd external media—air�. Also, the relatively small contribu-
ion introduced by the nonspherical detecting surface of the
MOS sensor camera was corrected.

.4 Optical Microscopy Images Capture
n upright optical microscope �Olympus, Model BX 51�

inked to a computer via CCD color camera �Media Cybernet-
cs, Model CoolSNAP-Pro CF� with a resolution of 1392

1040 pixels at 10 fps was used to capture images of RBC
uspensions �one per min at 40
 optical magnification�, in
he same conditions as the scattering measurements.

Results and Discussion
he angular-resolved measurements of light intensity scat-

ered by an RBC suspension from a 200-�m-thick optical
lass cuvette, during 10 min of the RBC aggregation process
ere performed at 1 to 4 off-axis deg, at hematocrits in the

ange of 3.5·10−2�H�10−1. In rest condition, the RBC ag-
regation process involves formation of 3-D large dense ag-
regates �containing thousands of RBCs� separated by plasma
ayers. This stage of aggregation is impossible in blood or
uspended RBC layers as thin as those on the order of
5 �m to 40 �m,1,19,21–23 typical for cone-plate or plate-pate
ggregometers. For this reason, we selected a 200-�m-thick
ptical glass cuvette that is five or fifteen times thinner than
he sample thickness of 1 mm used for backscattering13,19

easurements or 3 mm for ultrasound32 studies, respectively.
he upper hematocrit limit �H=10−1� is about five times
maller than the physiological value. It was chosen in order to
eep the scattered light according to CMOS sensor sensibility,
ithout exceeding the limit of the theory validity domain �see
ec. 2.1�. Meanwhile, the lower hematocrit limit �H
3.5·10−2� was established in order to have enough cells

loser to a realistic aggregation process. For the angular do-
ain, the upper value was limited by the validity domain of

he theory, and the lower value was chosen to avoid the trans-
itted �unscattered� photons. Due to the position of the laser

eam on the cuvette, the very small significant sedimentation
bserved for upper hematocrits during measurement time �se-
ected no longer than 10 min� does not influence the recorded
ata.

Figure 3 shows a few examples of the averaged speckle
mages �960
256 pixels� captured during the RBC aggrega-
ion process and the optical microscopy images for the lower
nd upper hematocrit limit at three moments in time. Looking
t each series �H=const.� of averaged speckle images, there
re obvious changes in the angular spreading of light intensity
rom a distribution almost isotropic at t=0 min to a high an-
sotropic one at t=8 min. This behavior is due to changes in
he RBC suspension during the aggregation process, changes
hat can be observed in the optical microscopy images corre-
ponding to the averaged speckle images. It is easy to observe
n which way, starting from RBCs singly dispersed, the for-

atted rouleaux are bound end-to-end and end-to-side into
ournal of Biomedical Optics 041308-
3-D, large, dense aggregates with a globular shape. Optical
microscopy images were done for a supplementary confirma-
tion of the RBC aggregate formation. They are somewhat un-
clear due to 200-�m depth of the optical glass cuvette but are
similar to those reported in another study.28 Unfortunately,
this kind of unclear optical image acquired at a low rate
1 /min cannot be used to make a computerized analysis for
the distribution of the RBC population into aggregate size,
similar to the 40-�m-depth samples reported in the
literature.23

From the images captured at each 10 s and converted to a
numerical matrix �256 gray levels�, series of angular profiles
�one for each hematocrit� giving the angular spreading of the
scattered light intensity have been obtained during the RBC
aggregation process. Considering for the RBC aggregation
process the working hypothesis described in Sec. 2.2, the an-
gular dependence of quasi-ballistic scattered photons from Eq.
�2� was used as a fit function of the experimental data and also
to determine the effective anisotropy parameter gef f. The ef-
fective scattering anisotropy summarizes the information con-
cerning the angular distribution of the scattered photons. Due
to their graphic superposition, Fig. 4 shows only a few angu-
lar profiles of the scattered light intensity from the H=10−1

series.
The decrease of the scattered light intensity with the in-

crease of scattering angle �, which is relatively well-fitted by
a Henyey-Greenstein type phase function as in Eq. �2�, de-
pends parametrically on the sample hematocrit. For each in-
vestigated hematocrit, the scattering effective anisotropy be-
havior during the RBC aggregation process was obtained as a
fit parameter of the angular-resolved measurements of scat-
tered light intensity at different moments in time �Fig. 5�. The
t-dependent scattering effective anisotropy gef f�t� presents
two regions: the first is characterized by a gradient that in-
creases monotonically with the hematocrit, while for the sec-
ond, the gradient is almost the same and has a very small
value for all hematocrits. Each curve starts at different aniso-
tropy of the scattering process, lower for higher hematocrit
and vice versa, but all tend to have relatively the same value
�around 0.972�. In other words, the curves reveal the informa-
tion concerning the angular redistribution of light intensity
scattered by an aggregated RBC suspension. Moreover, based
on our theoretical approach, the theoretical r-dependence of
scattering effective anisotropy gef f�r� can be obtained from
Eqs. �2�, �4�, and �5� for each studied hematocrit. The relation
between the optical depth �o and hematocrit H given by the
linear dependence �o=152·H, obtained from Eq. �5� for d
=200 �m, v=90 �m3, and �so=68.4 �m2 was used. These
theoretical dependences of scattering effective anisotropy
gef f�r� are given in Fig. 6, where the curves start from ro
=2.78 �m �the radius of a single RBC volume-equivalent
sphere�; below this value, there is no physical meaning for
RBC aggregates. The theoretical dependence of gef f�r� and
the experimental dependence of gef f�t� were used to find the
change of the aggregate mean radius in time during the RBC
aggregation process for each investigated hematocrit �Fig. 7�.

Another important parameter, the scattering cross section
�s, which is a measure of the scattering efficiency, can be
obtained from Eq. �3� if the time dependence of the aggregate
mean radius is known. Figure 8 shows the time dependence of
July/August 2008 � Vol. 13�4�4
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he scattering cross section �s during the RBC aggregation
rocess at each studied hematocrit. The r-dependent scatter-
ng cross section during the RBC aggregation process from
q. �3� was compared with the Mie theory prediction. This
as done by using �s Mie�r�=�so Mie�r /ro�2 as a fitting func-

ion for the scattering cross section obtained from Mie theory.
ere, �so Mie is the scattering cross section at r=ro; in other
ords, �so Mie represents the scattering cross section for a

ingle particle. Figure 9 gives the resulting data of the scat-
ering cross section �s from all investigated hematocrits to-
ether with the Mie theory prediction. The values of scatter-
ng cross section obtained from experimental data for any
ematocrit follow very well a parabolic function. At small

up

(a)

down

up

(c)

down

up

(b)

down

ig. 3 The angular distribution �1 deg to 4 deg� of scattered light by
mages� and the associated optical microscopy images �down� during
nd at H=10−1 for same moments of time in �d�, �e�, and �f�.
ournal of Biomedical Optics 041308-
aggregate mean radius, up to a value of 9 �m, our results are
in agreement with Mie theory, but after that, the differences
become significant. In Mie theory, the particles are spherical
and identical, while the RBC aggregate particles are not iden-
tical and are far from spherical shape �see microscopy images
in Fig. 3�. For these reasons, our results for a radius above
9 �m are not in agreement with Mie theory. Moreover, by
fitting the scattering cross section obtained from Mie theory,
we can obtain �so Mie=49.5 �m2 at r=ro, which is different
from the experimental value11 �so=68.4 �m2 used for calcu-
lating �s�r�. This difference is also a reason for the discrep-
ancy between our results and the Mie theory prediction.

up
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down

up

(d)

down

up

(f )

down

ated RBCs in averaged speckle images �up—for each group of two
ation process at H=3.5·10−2 for: �a� 0 min, �b� 4 min, and �c� 8 min,
aggreg
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Based on our working hypothesis, which considers a
pherical shape of RBC aggregates and the same number of
ell per aggregate, Na can be determined. At each moment in
ime, from the previously determined aggregate mean radius,
aking into consideration v=90 �m3, the number of cells per
ggregate was calculated �Fig. 10�. From the time dependence
f the number of cells per aggregate Na �Fig. 10�, we can
efine two different behavior regions. One of them, which
tarts with the first moment of the RBC aggregation process
nd lasts to about 3 min, is characterized by a slow increase
f the Na parameter. This behavior can be assigned to the first
hase of the RBC aggregation process, where the aggregate is
epresented especially by the formation of rouleaux with dif-
erent lengths. For this first region, our working hypothesis

1.0 1.5 2.0 2.5 3.0 3.5 4.0

10

20

30

40

50

S
c
a
t
t
e
r
e
d
l
i
g
h
t
i
n
t
e
n
s
i
t
y
[
G
r
a
y
l
e
v
e
l
s
]

Scattering angle [deg]

Time

0s
50s
100s
150s
200s
250s

Hematocrit

H = 10-1

�

ig. 4 Angle-resolved measurements for the averaged intensity of light
cattered at small angles by RBCs suspended in plasma at different
ime moments during their aggregation process for H=10−1 series,
elatively well-fitted by a Henyey-Greenstein-type phase function, as
n Eq. �2�.

0 100 200 300 400 500 600
0.60

0.65

0.70

0.75

0.80

0.85

0.90

0.95

1.00

Hematocrit

H = 3.5x10-2

H = 5x10-2

H = 7.5x10-2

H = 1x10-1

E
f
f
e
c
t
i
v
e

s
c
a
t
t
e
r
i
n
g

a
n
i
s
o
t
r
i
o
p
y

g
e
f
f

Time [s]

ig. 5 The time dependences of the effective scattering anisotropy
arameter during the first 10 min of the RBC aggregation process for
ach studied hematocrit. Each series of data �H=const.� was obtained
s a fit parameter for angular profiles taken from angle-resolved mea-
urements at each 10 s.
ournal of Biomedical Optics 041308-
uses rough approximations. The other region is characterized
by a high increase of the Na parameter. This region reveals the
second phase of the RBC aggregation process characterized
by the formation of 3-D, large, dense aggregates with a globu-
lar shape, which are better approximated by our working hy-
pothesis. There is a third region missing in which the Na
parameter tends to a plateau, due to our 10-min experimental
limitation setup.

5 Conclusions
Our work was focused on following the main aspects of a
quantitative investigation of the RBC aggregation process by
light a scattering techniques at small angles:

• Angle-resolved measurements of the scattered light by
aggregated RBCs in the range of small off-axis deflections to
characterized redistribution of light intensity;

• Determination of the main ingredients, which ruled the
investigated phenomenon of light scattered by aggregated
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BCs in suspension—the effective scattering phase function
more precisely, the associated effective scattering anisotropy�
nd the mean scattering cross section;

• Estimation of the proposed technique potential �light
orward-scattering technique� as a new method for quantita-
ive investigation of the cellular aggregation process.

RBCs in suspension at four different hematocrits were in-
estigated, and the t-dependent scattering effective anisotropy

ef f�t� was obtained from experimental measurement based
n theoretical approach �new effective phase function model
nd our working hypothesis�. This was compared with the
heoretical prediction of r-dependent scattering effective an-
sotropy gef f�r� to find out the aggregate mean radius that
uantitatively characterizes the RBC aggregation process.
urther, the dependences of the mean scattering cross section

n time and by the aggregate mean radius were determined.
he dependences of the mean scattering cross section by the
ggregate mean radius were compared with the prediction of
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or the r-dependent scattering cross section and its parabolic fit.
ournal of Biomedical Optics 041308-
Mie theory for equivolumetric spherical particles. Last, the
time dependence of the mean number of cells per aggregate
was calculated. This parameter can be used for a quantitative
characterization of the RBC aggregate formation process as a
two-phase process.

The potential of the forward light-scattered techniques can
be revealed even with our simple theoretical approach. Also,
this can be achieved in the absence of a strong theoretical
model for the RBC aggregation process and of a complemen-
tary one related to the scattered light intensity by RBCs dur-
ing the aggregation process.

One can conclude that the light-scattering technique is a
valuable alternative to classical aggregometric methods based
on turbidimetric or backscattering measurements and can be
used successfully in a quantitative investigation of the cellular
aggregation process, due to its high sensitivity. The best re-
sults are obtained by detecting the off-axis scattered light at
angles as small as possible. These results represent only the
first several steps in a research field with a very high potential.
Future work will be focused on the one hand, on the system-
atic investigation of several cases of relevant pathologies, and
on the other hand, on the investigation of other cells with a
relevant biomedical role, such as platelets. The final goal is to
develop new, sensitive, and minimally invasive techniques for
biological and medical diagnosis.
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