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Abstract- A recent light scattering cuvette has been
successful in differentiating the type of microemboli in
flowing whole blood. However, since the technique was
designed assuming the microemboli are concentrated near
the center of the scattering medium, it is necessary to
investigate the effect of off-center locations on
discrimination. The scattering intensities from 5 off-center
locations were investigated and the type discrimination
parameter (ratio of two forward scattering intensities) was
calculated. The perturbation solution of radiative transport
equation was used to describe the scattered intensity
distribution in the scattering medium. In each location the
parameter used for discrimination was not significantly
altered since the overall cuvette geometry compensates for
the scattered intensity' variation caused by off-center
locations. Therefore, the scattering cuvette is reliable for
differentiation of microemboli type.
INTRODUCTION
The light scattering cuvette method has been a
useful tool to detect the microemboli located in whole blood
in real-time [1,2]. Recently, the method has been improved
to differentiate the nature of microemboli [3,4]. A pair of
detectors were added in the forward scattering directions (5 "
and 20") and their measured intensity ratio was used to
dflerentiate the type. Although the scattering cuvette
geometry was designed to reduce the effects of microemboli
location on the scattered intensities at the detectors, it is not
clear how much intensity variation is related to the actual
location of flowing microemboli during measurement,
because the detectors are fixed to face the center of scattering
medum and a small deviation in scattering angle can cause
a big difference in scattered intensity, particularly in the
forward direction. Also it is very difficult to locate
microemboli because the nature of fluid dynamics is unclear
in the scattering measurement system [5,6].
In this paper, a theoretical investigation .is
attempted to evaluate the ratio variations of the scattered
intensities by locating a microembolus at 5 different
positions that are maximally separated from the center of the
scattering medium. A radiative transport equation is used to
describe the flux distribution in the multiple scattering
medium of erythrocytes and the microemboli are represented
as a source. The ratios of off-center locations of polystyrene

spheres, air bubbles, and clots are compared to that of center
location in the scattering medmm. Also, the calculated ratios
of polystyrene sphere of 90pm are compared to those of
measurement.

METHOD
The light scattering cuvette developed for
microemboli type discrimination is shown in Figure 1. A
laser beam illuminates a flowing whole blood within a
silastic tubing located inside a cuvette through an optical
fiber. Four optical fibers are positioned in the forward
dnection to detect scattered intensities. The size of silastic
tubing at the measurement site is 2.216 mm (outer diameter)
and 1.016 mm (inner diameter). The distance between the
center of tubing and the detectors is 10 mm and the angle of
acceptance of the detectors is 3.2" in the geometry. The
angles of the detector positions for D 1 and D2 are 20" and 5 O
to the incident direction, respectively. In particular, the
angles are selected because the intensity ratios at the two
scattering angles (intensity at Dl's / intensity at D2's) for
each type of microemboli are all different and easily
distinguishable [3].
In Figure 2, the magnified cross section of tubing
wittun the cuvette is shown with 5 different microemboli
positions that are separated 0.408"
from the center and
45O each other. Since the geometry is symmetrical, only the
upper half of the medium is considered.

Figure 1. Light scattering cuvette for microemboli type
differentiation. For size determination, a 90 detector can be
added (not shown).
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In order to describe the scattered intensity in the
geometry, the radiative transport equation for unpolarized
light is used [7]

where the angular flux P(FBfi) propagating through a
multiple scattering medium is described at the position 7
and direction ,with the total macroscopic extinction cross
section Ct, the source of light within the scattering volume V
and the differential scattering function of the continuum

(2). The scattering angle to the detectors from a
microembolus at each location is obtained and the scattered
intensities at the detectors are calculated. For scattered
intensity calculation of microemboli, the approximate twoparameter phase function is used [9].
First, a 90pm polystyrene sphere is positioned at the
6 locations and the scattered intensities at the detectors are
calculated. Then, the intensity ratios are obtained as shown
in Figure 3 with the ratios actually measured by the
scattering cuvette system.

-1

fi -fi

Zs( 7, '
) describing the probability of light scattered
into the direction Si from incident direction I.
A general perturbation solution is obtained from Eq.
(1) with the assumption that the light scattered from the
continuum scatterers (erythrocytes) can be decomposed into
two components, one component entirely in the incident
direction and the other component isotropically scattered
into whole space. It is also required and has been verified [SI
that the isotropic component be significantly less than the
forward component. In the perturbation solution [1,3], the
multiple scattering by red blood cells is approximated by the
transport approximation [SI and the microemboli are
considered as a secondary source by assuming only one
microembolus exists in a measurement moment. The source
term becomes
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Figure 3. Scattered intensity ratio.distribution for a 90pm
polystyrene sphere located in 6 different positions in the
scattering medium of whole blood.
Also, the scattered intensity ratios from air bubbles
and clots of 30pm and 60pm are calculated by positioning
them at the 6 locations. The calculated ratios are shown in
Figure 4.

RESULT AND DISCUSSIONS
where

SS

is the scattering cross section of a microembolus

and fs ( 6o .h ) is the scattering phase function of the
microembolus.
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Figure 2. Six microemboli locations used to calculate the
scattered intensity ratio in the scattering cuvette geometry.
The theoretical calculation for scattered intensities
from microemboli at the 6 different locations is based on Eq.

There is good agreement between theoretical
calculation and measurement for 90pm polystyrene sphere as
shown in Figure 3 . The calculated ratios are from 3.05 to
3.65 while the measured ratios are from 2.92 to 3.63. The
ratios of air bubbles and clots are also clustered together as
shown in Figure 4. The minimum ratio in clot distribution is
5.12 while the maximum ratio-in air bubbles is 4.96.
From the distributions in Figure 3 and Figure 4, the
order of ratios is b, c, a, a, d, and e, from lowest to highest
regardless of microemboli type. When a microembolus is
located at position b, the scattering angles for the upper
detectors become smallest, and produce the lowest ratio,
because the 5" detector does not increase the scattering
intensity as much as the 20" detector does. In the scattering
phase functions of polystyrene spheres, air bubbles, and
clots, the scattering variation around 5" is smaller than
around 20'. Fortunately, the detectors in the lower half of
the scattering medium produce a higher ratio and
compensate for the low ratio. In the case of a 90pm
polystyrene sphere at position b, the ratio of upper detectors
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is 2.94 and the ratio of lower detectors is 3.73, while the
combined ratio is 3.05. Although the ratio of lower detectors
is much higher than that of upper detectors, the longer
optical path in the scattering medium for lower detectors
attenuates more scattering intensity, and therefore, the
combined ratio depends more on the intensities at upper
detectors.
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Figure 4. Scattered intensity ratio distribution for air bubbles
and clots of 30 and 60pm located at 6 different positions.

CONCLUSION
The light scattering cuvette method developed for
microemboli type differentiation is evaluated theoretically.
The effect of 5 off-center microemboli locations on the
differentiation parameter is investigated. The result of
theoretical calculation of the scattered intensity ratio shows
that the location effect of microemboli is not significant and
the proper microemboli type differentiation is possible in the
light scattering cuvette geometry. It is found that the
scattering geometry along with the scattering phase
functions of microemboli compensates for intensity ratio
variation caused by the off-center locations of microemboli
in the cylindrical scattering medmm of whole blood.
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