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Abstract. The characteristics and capabilities of a light-scattering mi-
croemboli detector (LSMD) are delineated by detailing its state-of-the-
art configuration, by discussing the theoretical and empirical aspects
of instrument calibration, and by summarizing various experimental
studies that have benefited from this instrument. In the past, throm-
boembolism, which often results when blood contacts medical de-
vices, has eluded scientific scrutiny due to the absence of instruments
that could detect and quantify thromboemboli in circulating blood.
More recently, the ability of the LSMD to provide continuous, nonin-
vasive detection of thromboemboli in whole blood (meaning that the
LSMD probe does not contact the blood) was exploited in various in
vitro and ex vivo models to explore thromboembolic phenomena.
Through this work, the LSMD evolved as a sensitive and an economi-
cal research tool for the study of thromboembolic phenomena. © 2003
Society of Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.1527934]
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1 Introduction
Although the danger posed by microemboli was recognized
over 100 years ago by German pathologist Robert Virchow
exploration of continuous, noninvasive techniques~non-
blood-contacting! for the detection of microemboli in whole
blood began only in the 1980s. Microemboli are pathogenic
particulates in the blood stream composed of detache
thrombi ~‘‘thromboemboli’’!, fragments of clotted blood, fat,
atheroma, tissue or air bubbles. The impact of emboli is usu
ally at a location distal to their point of origin and may be
manifested as sudden organ failure~e.g., kidneys,1 cerebral
complications,2–5 or limb ischemia6!. Recent developments in
microemboli detection technology have been aimed at~1! de-
tection of emboli in clinical settings and~2! detection of
thromboemboli inex vivo~or in vitro! research studies aimed
at understanding thromboembolic phenomena.

One method of providingin vivo, continuous, and nonin-
vasive detection of emboli involves directing pulse Doppler
ultrasound signals into blood vessels and processing the ec
oes from emboli and red cells. In this method, the acoustic
power backscattered from an embolus is measured and com
pared with that of the moving blood surrounding the embolus
The theory behind this technique may be found elsewhere.7,8

Several studies indicate that this is a viable technique for th
detection of air emboli in clinical situations.9–11 Quantifica-
tion of thromboemboliin vivo using this technique is more
challenging since the echogenecity of thromboemboli is les
than that of air emboli and is similar to that of blood, but
recent attempts to detect thromboemboliin vivo using the ul-
trasound have met with some success.12–15 The method is
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unique in its ability to detect emboli noninvasively throug
opaque vessels and tissue; however, the instrumentation
this technique is cost-intensive~costing upward of $100,000!.
Moreover, it requires the subject to remain immobilized d
ing the detection process, which could be challenging if
risk of thromboembolization spans hours to days.

For emboli detection inin vitro andex vivosystems, sev-
eral economical alternatives to the ultrasound technique h
emerged. These methods include postmortem assessm16

use of a Coulter counter,17 use of a filtration method,18–20and
use of a light-scattering technique.21–25Of these four methods
only the light-scattering technique is capable of continuo
noninvasive~non-blood-contacting! detection of thromboem-
boli in whole blood. This relatively inexpensive techniqu
~manufacturing cost,$5,000)is capable of counting and siz
ing particles as small as 60mm in blood flowing in a 1/16-in.
ID-translucent tubing.

This paper describes the characteristics and capabilitie
the light-scattering microemboli detector~LSMD!. The cur-
rent configuration of the LSMD and the theoretical and e
pirical aspects of its calibration are presented. In additi
some of the experimental studies that have utilized this dev
are summarized.

2 System Configuration
The ability of the LSMD to detect thromboemboli in whol
blood is based on the principles of differential light scatterin
An incident beam of light that is directed through a trans
cent conduit carrying blood, is scattered by the red cells~and
by platelets and white cells, but their contribution is insigni

1083-3668/2003/$15.00 © 2003 SPIE
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Light-Scattering Emboli Detector . . .
Fig. 1 Schematic of the basic configuration of the LSMD.
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cant due to their relatively small numbers in conjunction with
small size!, and by thromboemboli. The scattered light is cap-
tured by detectors placed at specific angles to this inciden
beam~Figure 1!. Based on the fact that the scattering from
thromboemboli is distinct from that of the red cells, a light-
scattering microemboli detection system was conceived b
Reynolds and Simon25 in 1980 and improved on later at
Brigham Young University to study various thromboembolic
phenomena in undiluted whole blood.

2.1 Hardware
In the LSMD, light ~830 nm! from a laser diode or a light-
emitting diode ~LED! is directed into flowing blood by
mounting the incident light source, or an optic fiber from that
source, against the wall of the blood conduit by means of a
mounting probe~Figure 2!. Detectors, or optic fibers con-
nected to such detectors, are also mounted at specific angl
to the incident light and collect the scattered light and conver
it into current. In an older configuration, the low-current sig-
nals from the detectors were conveyed to transimpedance d
namic range amplifiers~Melles Griot, Boulder, Colorado! in
which they were converted to voltage signals(610 V) before
being conveyed to and digitized by an analog-to-digital~A/D!
data acquisition card within the computer, which stored and
processed the data. In a more recent configuration, the phot
diode detectors, amplifiers, and A/D conversion component
are located on an integrated circuit~IC! board, and the digital
signal ~which is less affected by electronic noise! is trans-
ported via a cable to a laptop computer. This compact desig
greatly enhances the portability of the LSMD and signifi-
cantly reduces the effects of extraneous electrical noise.

An important electronic feature included in the LSMD is a
high-pass filter to remove dc signal and very low frequency
t

s

-

-

variations. Thus, the steady input due to background sca
ing by the blood is subtracted electronically, which helps
maximize the resolution of the dynamic signal and to mi
mize the effects of~steady! extraneous light~e.g., from the
tubing wall near the light source!.

Another interesting feature of the LSMD related to ele
tronics is a naturally occurring bias toward the center of
tubing through which the blood is flowing. This occurs b
cause the sharpness of the ‘‘peak’’~and the frequency of the
signal! is highly dependent on the velocity of the embol
generating that peak. Those signals of highest frequency
to be amplified more by electronic amplifiers, and the sharp
peak will be produced by emboli near the center of the tu
~where the velocity is the highest!. Light scattering near the
tubing wall where velocities are very low produces low
frequency signals, which will be filtered out by the high-pa
filter mentioned previously or simply will not be amplified a
much as high-frequency signals.

The probe is a structure that mounts the light source
detectors to the outside of the tubing through which the blo
flows. Two probe designs with different angular configur
tions are currently used for the detection of thromboembol
blood.

2.1.1 Ninety-deg Probe
The light source and two detectors are positioned in a pl
perpendicular to the tubing, with the detectors at right ang
to the source. Figure 3 presents the probe design for the
sion using optic fibers, with three ports which are threaded
receive the SMA connectors of the optic fibers. Ninety-deg
scattering provides an effective balance between scattere
tensity and low sensitivity to scattering angle~described in
detail in a subsequent section!. This probe design is used i
systems where the tubing inner diameter is1/89 or smaller.

2.1.2 One Hundred Eighty-deg Probe
For tubing with an inner diameter larger than1/89, the 90-deg
probe is ineffective, since the larger diameter would mean
scattered light must traverse greater distances through bl

Fig. 2 Configuration of the light scattering microemboli detection sys-
tem: LS, light source (laser or LED); P, probe; IF, incident optic fiber;
DF1 and DF2 , detector optic fibers; PD1 and PD2 , Photodiodes; A1
and A2 , amplifiers; A/D, analog-to-digital conversion electronics. The
dashed rectangle indicates the components located on an integrated
circuit board in the most recent configuration.
Journal of Biomedical Optics d January 2003 d Vol. 8 No. 1 71
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Fig. 3 Probe design (for 90-deg scattering) showing relative positions
of tubing, incident fiber, and detector fibers.
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and therefore undergo greater attenuation~discussed later!,
before reaching the detectors. Thus, a 180-deg probe was co
ceived in which the source and detectors were placed adjace
to each other such that the direction of detection was at a
angle of 180 deg to the incident light.23 The probe also com-
presses the tubing to allow a cross section of blood to b
examined by light scattering over relatively short distances. In
the most recent configuration of the 180-deg probe, thre
incident-detector pairs are distributed across the diameter o
the compressed tubing to increase the fraction of the bloo
being monitored for thromboemboli~Figure 4 presents the
version using optic fibers!. In the transport of light, each tran-
sition to a new phase with a different refractive index, includ-
ing the unavoidable air gaps in light sources and detectors
results in a significant loss of energy. Therefore, in both the
90-deg and the 180-deg probes, the source and detectors,
the fibers attached to the same, are pressed against the tub
wall to provide a firm intimate contact to prevent the light
from passing through yet another air gap.

2.2 Software

2.2.1 Data Screening
Acquired data are processed in two ways. First, a continuou
real-time display of the incoming voltages is displayed in time
increments of 500 ms, which enables convenient display o
each increment as a full-screen frame. The relatively
‘‘smooth’’ baseline represents scattering due to red cells. Th
72 Journal of Biomedical Optics d January 2003 d Vol. 8 No. 1
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appearance of a distinct ‘‘sharp’’ peak indicates passage o
embolus~Figure 5!. In the second way, each frame is eval
ated for the presence or absence of peaks whose heigh
ceeds a user-defined threshold height. If a frame contains
peaks, the frame is stored in memory for retrieval and ana
sis. Otherwise the data from that frame are discarded.

2.2.2 Data Analysis
In each stored frame of data, the number of peaks~exceeding
a user-specified threshold! and their average height are dete
mined. Zheng et al. showed that the peak height correl
with the diameter of the particle,26 so that the number and siz
of the emboli can be displayed in real time~Figure 6!. The
product of this average peak height and the total numbe
peaks in the specified time interval is called the instantane

Fig. 4 Probe design (for 180-deg scattering) showing the distribution
of incident-detector fiber sets across the cross section of a partially
pinched conduit.
Fig. 5 Typical frame as seen on the computer screen, showing a ‘‘smooth’’ baseline (caused by red cell scattering) and sharp peaks (caused by
disruption of baseline scattering by thromboemboli).



Light-Scattering Emboli Detector . . .
Fig. 6 Time profile of thromboemboli number and size from the
analysis program for platelet aggregation in flowing blood after addi-
tion of an aggregating agent.
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first moment. Thus, an instantaneous and a cumulative tim
profile of the first moment are generated and displayed in rea
time ~typical traces are shown in Figure 7!.

3 Mathematical Descriptions of Light Scattering
Applied to the LSMD
The mathematical description of the light-scattering problem
associated with large nonhomogeneities in blood is presente
for the following reasons. First, the description of this instru-
ment is not complete without considering the physical phe
nomena~and their mathematical representations!, on which
this instrument is based. Second, presenting~and applying!
these fundamental descriptions enables the mathematical pr
dictions to be compared with instrument calibration data to
test some of the basic assumptions inherent in the use of th
instrument. Third, evaluation of the mathematical formula-
tions provides insight into the complexities of the nonideal
phenomena measured by the actual instrument.
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3.1 Mathematical Description
Light scattering in a medium densely populated with scat
ers~such as red cells in blood! has been the subject of sever
theoretical analyses in the past.27–38 Most of these analyses
arrive at theoretical solutions describing the scattered li
flux in blood by approximating either Maxwell’s wave propa
gation equations32–36 or Boltzmann’s radiative transpor
equations.33,37 Developments based on the wave equatio
such as Mie scattering~also known as the general theory o
scattering for spheres!, are typically used to analyze the ligh
scattered by a single particle~such as a dilute solution o
platelet aggregates in plasma!, while variations of the trans-
port equations are used to find the light scattered by a field
particles~such as red blood cells in whole blood!. Thus, Mie
theory can predict the scattering properties of a single part
based on the size and optical refractive index of that parti
while the transport equations use those single-particle pro
ties, along with the geometry of the multiscattering enviro
ment, to predict the resultant distribution~intensity and direc-
tion! of scattering.

To solve the transport equations to predict the amoun
light that will be scattered by an embolus to detectors a
particular location, both the red cell and embolus scatter
properties must be known. The scattering characteristics
red cells are well characterized~see Table 1!. However, this is
not true of an embolus, because scattering by an embolus
function of the refractive index, wavelength of light, partic
size, and particle shape. Because thromboemboli are irreg
in composition, size, and shape, their scattering characteri
have not been characterized. Therefore, solutions to the tr
port equations can be obtained only through using wa
theory to estimate the scattering properties. The only solu
to wave theory currently available that is useful for throm
boemboli~Mie theory! requires that the embolus be spheric
in shape~such as the microspheres used for calibration!.

Two types of parameters are typically used to characte
scattering: cross sections and phase functions. The mi
scopic scattering cross section(ss) describes the intensity o
light scattered per incident flux, and the microscopic abso

Table 1 Red cell scattering properties.

Microscopic Macroscopic

Forward scattering ss
1542.1 mm2 N/A

Back scattering ss
250.225 mm2 N/A

Scattering cross section ss5ss
11ss

2 Ss5(12H)(H/V)ss

Absorption cross section sa50.116 mm2 Sa5(H/V)sa

Total cross section s t5ss1sa S t5Ss1Sa

Transport cross section N/A S tr5S t2m̄Ss

Anisotropy m̄ 0.998 0.998

Here ss
1 , ss

2 , and sa are experimental values, and m̄ is calculated from Mie
theory; all four parameters are for 800-nm light and are taken from Reynolds
et al.34 The formulas for Ss , Sa , and S tr are taken from Kim.35 Here H is the
hematocrit (fractional volume of red blood cells) and V is the average volume
per red cell (90.97 mm3).
Fig. 7 Typical traces of the instantaneous and cumulative first mo-
ments that are displayed in real time by the LSMD software.
Journal of Biomedical Optics d January 2003 d Vol. 8 No. 1 73
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Solen et al.
tion cross section(sa) is the intensity of light absorbed per
incident flux. The macroscopic cross sections describe th
amount of scattering for a field of scatterers and are related t
the microscopic cross sections by multiplying by the numbe
density of particles. Physically, the macroscopic cross sectio
is the inverse of the mean free path, which is the distanc
between interactions. Also, the transport cross section(S tr)
describes the attenuation of light by scattering and adsorptio
~a high value ofS tr indicates high attenuation!. Finally, the
phase function is the fraction of light scattered to a particula
direction. Therefore, the scattering cross sections give the to
tal light scattered, and the phase functions give the direction
ality of the scattering.

Another parameter used to characterize scattering is th
anisotropy (m̄), which expresses the nonuniformly of the
scattering phase function~i.e., the asymmetry of the scattering
distribution!. A value of anisotropy near 0 indicates that the
light is scattered uniformly in all directions. A value of anisot-
ropy near 1~such as with red blood cells! indicates heavy
forward scattering, and a value of anisotropy near21 means
that there is mostly backscattering.

The transport equations are based on a particle balance,
for light, a photon balance. The total amount of light in a
control volume is equated to the net light entering the contro
volume plus the light emitted by sources inside the contro
volume minus the light absorbed inside the control volume
With light, all photons have the same kinetic energy, so the
transport equation can be simplified to Eq.~1! ~the one-speed
transport equation36!.

1

c

]I

]t
1V̂"¹I 1S tI ~r ,V̂,t !

5SsE f ~V̂8→V̂!I ~r ,V̂8,t ! dV̂1s~r ,V̂,t !, ~1!

where

I 5 light intensity flux ~energy/area.time!

c 5 speed of light(3.0031010 m/s)

t 5 time

V̂ 5 unit vector in the direction of scattering

V̂8 5 unit vector~integrated over all directions!

S t 5 macroscopic total cross section(length21)

r 5 vector position of the scatterer

Ss 5 macroscopic scattering cross section(length21)

f 5 phase function

s 5 source term@energy/~volume!~time!#.

To apply Eq.~1! to the scattering from both the homogeneous
field of red blood cells and the inhomogeneous embolus~such
as a platelet aggregate or a polystyrene microsphere!, the red
cells can be represented by the bulk properties~e.g., the mac-
roscopic scattering cross section!, and the embolus can be
represented by the source term, as further defined by

s~z,V̂!5Sssfs~V̂0"V̂!I 0 exp~2S trz!, ~2!

where
74 Journal of Biomedical Optics d January 2003 d Vol. 8 No. 1
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s 5 source term for Eq.~1! @energy/~area!~time!#

z 5 distance from the boundary of the control volum
to the embolus

V̂ 5 unit vector in the direction of scattering

V̂0 5 unit vector in the incident direction

Sss 5 macroscopic cross section for the embolus
(length21)

f s 5 phase function for the embolus

I 0 5 intensity flux at the control volume boundary
@energy/~area!~time!#

S tr 5 transport cross section for the red blood cells
(length21).

The transport equation@Eq. ~1!# can be further simplified by

assuming time independence and by simplifying theV̂"¹I
term based on the scattering geometry. For the cylindr
tubing used in the LSMD, this term simplifies to

V̂"¹I 5~12m2!0.5
]I

]r
, ~3!

wherem5cosine of the scattering angle~u!, r is the dimen-
sional variable in the direction of the incident light, oth
symbols are as defined in Eq.~1!.

Red blood cells scatter very heavily in the forward dire
tion, as reflected by theirm̄ value ~0.9937!. Because of this
high anisotropy, the phase function can be described by
transport approximation@Eq. ~4!#, which assumes a low iso
tropic scattering in all directions overlaid by a high scatteri
into the forward direction@scattering angle of 0-deg~Ref.
35!#.

f ~V̂"V̂8!5m̄d~V̂"V̂82V̂0!1
12m̄

4p
, ~4!

whered is the delta function,m̄ is the anisotropy, and othe
symbols are as already defined.

An alternative simplification for the phase function wa
proposed by Reynolds and McCormick27 in the form of a
two-parameter phase function:

f ~m!5K~11g222gm!2(a11), ~5a!

where

K5p21ag~12g2!2a@~11g!2a2~12g!2a#21, ~5b!

and m is defined as before. Reynolds and McCormick p
posed approximate values ofg and a from analytical calcu-
lations.

Mie theory can be used to find the microscopic cross s
tions and phase functions for various sizes of spherical thro
boemboli. Then, the microscopic scattering cross section
be transformed into the macroscopic cross section to be u
in the source term of the transport equation. The solution
the Mie theory equations is a complicated function of Bes
functions and infinite series and is described elsewher37

When the particle diameter is close to the wavelength of li
or larger, as is the case with microemboli detection, M
theory predicts a scattering intensity whose magnitude i
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Fig. 8 Theoretical predictions of the variation of scattering intensity
from a sphere as a function of angle (Iu versus u) (top), and the rate of
change of light intensity with angle (dIu /du) (bottom).
-
-

n

-

e

r
g

s
t
g

,

n

uter

72
of
a
on
r

e

r-
e of

ell
us-
nd
is
r-
s.
uf-

ing
ing

er

val-
g

ood

, at
very sensitive function of scattering angle and particle diam
eter. When the particle size is much smaller than the wave
length, Rayleigh theory provides a good simplification that is
not as sensitive to angle or size.

In addition to depending on particle diameter and refrac-
tive index and on light wavelength, the phase function for
thromboemboli is especially dependent on scattering angle i
the forward direction(u;0 to 45 deg!, while at larger angles
~45 to 180 deg!, the scattering is much less angle dependent27

~Figure 8!. The current design of the LSMD probe for small-
diameter tubing@interior diameter~ID! <1/89] is based pri-
marily on 90-deg scattering~i.e., the detectors are oriented at
90 deg from the direction of the incident light!. Although the
intensity of scattered light is less at 90 deg than in a near
forward direction, the angular dependence of scattering inten
sity is low at 90 deg, which helps to minimize the effect of
particle position on scattering intensity. In reality, the scatter-
ing angle is a function of the position of the particle in the
tube. Even when the particles pass the axial position of th
light source and detector, the scattering angle will only be 90
deg for particles at the center of the tubing. For example, fo
particles positioned closer to the light source, the scatterin
angle will be smaller than 90 deg~measured from the line of
forward scattering!, and for particles located near the other
side of the tube, the angle will be greater than 90 deg~Figure
9!. Thus, the design angle of 90 deg in the LSMD probe take
advantage of the lower angular dependence near 90 deg
accommodate more easily the range of actual scatterin
angles.

3.2 Application to the Calibration Process
To describe the calibration of the LSMD using microspheres
a computer model~written in C11 on a Unix workstation!
was used to simulate the scattering of red blood cells and a
embolus in a cylindrical scattering volume. The red blood
cells were approximated as spheres(volume590.97mm3) in
a simple cubic distribution inside a cylindrical tube of1/169
ID or 1/329 ID ~both with1/329 wall thickness!. In addition, a
-

o

light source was modeled as a beam originating at the o
wall of the tube with an original diameter of 600mm, an
original power of 15 mW, and a divergence angle of 21.
deg ~corresponding to an optical fiber numerical aperture
0.37!. The computer calculated the quantity of light reaching
circular area at a 90-deg angle from the light source, also
the outer wall of the tubing~corresponding to a photodetecto
at that location! with a diameter of 600mm and an acceptanc
angle of 21.72 deg.

For each red blood cell positioned within both the dive
gence cone of the incident beam and the acceptance con
the detector fiber, the quantity of light contributed by that c
to the detector was calculated. That calculation was made
ing the two-parameter phase function of Reynolds a
McCormick.27 Approximate values for the parameters for th
function, g and a, were proposed by Reynolds and McCo
mick for several kinds of blood cells, including red cell
However, the results of this calculation were found to be s
ficiently sensitive to the values ofg and a as to necessitate
their experimental determination. This was done by plac
samples of human blood of various hematocrit values, rang
from 10 to 50%, into LSMD cuvettes using tubing with inn
diameters of 1/32 and1/169 ~both with 1/329 wall thickness!
and measuring the power reaching the photodetector. The
ues ofg anda were varied until the predicted power reachin
the detector matched the experimental results~Table 2!. For
the microscopic and macroscopic cross sections of red bl
cells, the values in Table 1 were used~which are for a wave-
length of 800 nm but were assumed to be valid for 830 nm
which the current version of the LSMD operates!.

Fig. 9 Effect of radial embolus position on radial-plane detection
angle in the 90-deg LSMD probe.

Table 2 Parameters for two-parameter phase function.

Value Proposed by Ref. 27 Experimental Value

g 0.80 0.975

a 1.75 1.75
Journal of Biomedical Optics d January 2003 d Vol. 8 No. 1 75
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Fig. 10 Effect of axial embolus position on axial-plane detection angle in the 90-deg LSMD probe.
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Using the experimentally determined values ofg anda to
compute the phase function for red blood cells@Eq. ~5!#, the
effect of a spherical microsphere on the light scattering in the
illuminated volume was calculated. The light scattering from
the microspheres was calculated using Mie scattering equa
tions, which were solved using logarithmic derivative func-
tions and recursion formulas~as found in Kerker37!. The infi-
nite series in the Mie scattering equations were terminate
using the criteria suggested by Denman et al.38 One of the
Ricatti-Bessel functions~c in Kerker37! was calculated using
a top-down recursion~as per Denman et al.38!, and to mini-
mize error in the recursion, this procedure was normalized to
the other Ricatti-Bessel function by finding the ratio between
the c0 found by the recursion and the known relation:c0
5sin@(p)diameter/wavelength#. The Mie scattering calcula-
tions were performed using the commercial software Mathca
2000 Professional~MathSoft, Inc., Cambridge, Massachu-
setts!.

Using the cross sections derived from the Mie calculations
the transport equation was solved in the C11 program for the
calibration of the LSMD using the following assumptions:

1. Mie theory can be used to approximate the phase func
tion and microscopic cross section for polystyrene mi-
crospheres.

2. The number density used to convert thromboembolic
microscopic cross sections to macroscopic cross sec
tions can be fit from data using polystyrene micro-
spheres.

3. No more than a single embolus or microsphere is in the
scattering volume at one time. This embolus travels
along the center line of the tubing.

As an embolus travels through the scattering volume, the sca
tering angle defined by the incident beam, embolus, and de
tector passes through a range of values from 90 to 180 de
~Figure 10!. Since the Mie scattering phase function is multi-
lobed, the scattering intensity will also be multilobed, with the
pattern varying with sphere diameter. But as the embolu
76 Journal of Biomedical Optics d January 2003 d Vol. 8 No. 1
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passes through the illuminated volume, the height of the
served peak will be defined by the highest lobe~which will be
found near, but not necessarily at, the angle of 90 deg!. Thus,
to find that peak height for each sphere diameter, the lar
lobe of the light-scattering solution was found by testing t
Mie scattering equations at different scattering angles. T
maximum scattering powers and the corresponding an
were used to model the light scattering from microsphe
flowing through the LSMD cuvette. Thus, the total pow
reaching the detector was computed for each combinatio
sphere and surrounding red cells, and a plot of scatte
power versus microsphere diameter was created.

Figure 11 shows the experimentally-obtained peak heig
for microspheres of various sizes~from Ref. 26! along with
the predictions from the computer model, all for1/169 tubing.
Numerical instabilities prevented the convergence of the M
scattering equations for microspheres larger than 400mm and
appeared to affect the solutions for the 350- and 400-mm mi-
crospheres. But the similar overall shape of the predicted
experimental curves supports the value of the model. It a
supports the validity of the calibration process and the
sumption that the scattered intensity depends on particle s

The use of polystyrene microspheres to calibrate the lig
scattering device for detecting platelet aggregates is obvio
an imperfect technique. The complexity of light scattering a
its dependence on particle shape means that a sphere m
only an approximate representation of an actual embolus.
thromboemboli are irregularly shaped, with variations
angles, light-scattering pathways, and possibly refractive in
ces associated with the irregular surface. These variation
properties are expected to alter the intensity of scattered l
as the particle rotates and translates through the scatte
volume. The varying intensity of scattered light is summed
‘‘integrated’’ to produce the overall ‘‘peak’’ that results from
the complete passage of the embolus. Thus, the emb
‘‘size’’ must be interpreted via the calibration curve in term
of an ‘‘effective’’ diameter. Further, the refractive index o
polystyrene microspheres~1.59! differs from that of platelets
~1.38!, and microemboli likely exhibit a range of refractiv
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Fig. 11 Experimental (from Ref. 26) and predicted light scattering re-
sults for polystyrene microspheres (90-deg probe, 1/169 ID tubing) in
flowing blood.
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indices as they vary in their content of fibrin, trapped red
cells, etc., making any single value only approximate as a
calibration standard.

4 Application of the LSMD
The LSMD was used to extend the value ofin vitro and ex
vivo models for studying platelet aggregation and thromboem
bolic phenomena. Historically,in vitro and ex vivo studies
have provided valuable information vis-a`-vis the hemocom-
patibility of medical devices. However, such studies mostly
assessed the thrombogenic potential of a given device~i.e.,
the amount of thrombus accumulated on the surface!, but
could not account for thromboembolism~i.e., the release of all
or part of the thrombus from the surface!. This shortcoming
was primarily due to the absence of an instrument that coul
monitor thromboemboli. The LSMD corrects this shortcom-
ing; it can be used for on-line noninvasive~non-blood-
contacting! monitoring of thromboemboli continuously and in
real time in bothin vitro and ex vivo configurations. This
section describes some of thein vitro andex vivomodels that
have benefited from the LSMD.

4.1 Device-Induced Thromboembolism in a Bovine
in vitro Model
The LSMD was been used in anin vitro model with bovine
blood to assess various aspects of device-induced thromboem
boli ~TE!.39–42 In this model, heparinized bovine blood was
gravity-fed from one or more reservoirs through1/89 ID PVC
tubing in which coronary stents were deployed, and LSMD
probes monitored the thromboemboli released from the stent
In one study using this model, the LSMD demonstrated that a
new antiplatelet drug ~tirofiban! almost completely
abolished39 stent-induced TE. Another study demonstrated the
dynamic nature of TE and showed that the time-dependen
impact of a therapeutic regimen could be assessed more com
prehensively by continuously monitoring thromboemboli
using41 the LSMD. Also in that study, dipyridamole~an anti-
platelet drug! had a negligible effect on stent thrombosis but
reduced thromboembolism by 52%, demonstrating that th
-

.

t
-

effects of drugs on thrombosis and thromboembolism may
different and that both aspects must be examined to d
appropriate conclusions about the efficacy of the therape
regimen. The LSMD provides a means to make such ass
ments.

The LSMD has been used in a similarin vitro model to
demonstrate and explore the effects of hemodynamics40,42 on
TE. One study demonstrated the synergistic contributions
secondary flows~in this case stenosis-induced flow normal
the surface! and surface-induced activation~in this case,
rough surfaces!.40 Similarly, other studies using the LSMD
demonstrated that secondary flows~again, flow normal to the
surface induced by upstream and/or downstream stenoses! in-
creased stent-induced40 TE. Thus, the LSMD is useful in fur-
thering our understanding of various factors that may infl
ence the onset and progression of TE in blood-contac
devices, and hence help fine-tune their design.

4.2 Hemodynamics and Thromboembolism in a
Human in Vitro Model
An in vitro model has also been developed to study the in
ence of hemodynamics on TE using human blood.43 In this
model, fresh heparinized human blood was directed in
single pass through1/329 ID PE tubing containing a ‘‘flow
cell’’ consisting of alternating abrupt expansions and contr
tions. TE released from the flow cell were detected conti
ously by the LSMD. Preliminary experiments indicated th
significantly more TE were detected downstream of the fl
cell than were detected upstream, indicating that the flow
was the primary source of TE, and comprehensive invest
tions regarding the link between hemodynamics and TE us
this model are currently underway.

4.3 Aneurysm Stabilization Coils (Bovine in Vitro
Model)
One strategy to stabilize bifurcation aneurysms is to pla
tightly wound coils at the site of the aneurysm. The intent is
promote platelet adhesion, thrombosis, and clot formati
which are intended to mechanically fill and stabilize the a
eurysm. However, increased platelet adhesion and clotting
the coils may lead to undesirable TE from the coils. The o
timal situation is one in which there is some aneurys
stabilizing thrombosis without significant thromboembolis
One way to achieve this is by protecting the coils with
coating that retards TE. The efficacy of one such coating w
tested using the LSMD in anin vitro configuration. The coils
~coated or uncoated! were placed in simulated bifurcation an
eurysms made of polyurethane, and 90-deg LSMD pro
were placed distal to the simulated aneurysm~Figure 12!. TE
data recorded by the LSMD suggested that the coated c
shed significantly fewer TE compared with the uncoated co
~Figure 12!. Thus, the LSMD proved useful in assessing t
efficacy of a surface coating in the aneurysm test model.

4.4 Ovine ex Vivo Studies
In recent studies, the LSMD was placed downstream of co
nary stents deployed in an arterioarterial ovineex vivoshunt
model to study44 stent-induced TE. It was found that highe
levels of heparin~an anticoagulant! consistently inhibited
stent-induced thromboembolism, while tirofiban~an antiplate-
Journal of Biomedical Optics d January 2003 d Vol. 8 No. 1 77



Solen et al.
Fig. 12 Schematic of the experimental configuration used to test the efficacy of a surface coating on aneurysm stabilization coils, with LSMD data
suggesting that the coated coils shed fewer TE than the uncoated coils.
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let agent!, when administered in conjunction with heparin,
completely abolished thrombosis as well as thromboemboliza
tion. These studies suggest that the LSMD is a useful tool fo
the assessment of stent-induced TE and its pharmacologic
attenuation inex vivosituations; such studies may eventually
prove useful in optimizing stent design and use of prophylac
tic and therapeutic anticoagulant/antithrombotic/thrombolytic
regimen in clinical situations.

Another interesting observation in thisex vivomodel was
the link between flow fluctuations~caused by varied activity
of the animal! and thromboembolic events. Sudden increase
in flow rate were found to associate with incidents of
thromboembolism,44 once again confirming the important role
of fluid mechanics in the dynamics of thromboembolism.

4.5 Thromboembolism from Pulsatile Blood Pumps
in a Bovine ex Vivo Model
The LSMD was used to study thromboembolic events from
left-ventricular assist devices~LVADs! in a bovineex vivo
model.21–24 In one such study, it was found that LVADs gen-
erated detectable thromboemboli whose number and size we
maximum between 30 and 60 min following implantation of
the LVAD. These studies showed that the LSMD may prove
useful in the design, optimization, and postoperative manage
ment of patients with LVADs.

5 Conclusions
The light-scattering microemboli detector has evolved into a
relatively inexpensive yet versatile research tool for the as
sessment of thromboembolic phenomena in a variety of tes
conditions. The ability to continuously and noninvasively de-
tect and quantify TE in whole blood offers a new and inno-
vative approach to assess~1! the thrombogenic potential of
blood-contacting prosthetic devices and~2! the efficacy of
existing and emerging antithrombotic regimen in a manne
not possible until now. Thus, the LSMD has the potential to
revolutionize the study of blood-material interaction and may
become a standard tool to assess the safety and effectivene
of artificial devices that contact blood.

6 Future Directions
The current software is not equipped to automatically differ-
entiate between TE and strong flow eddies. This limits the us
78 Journal of Biomedical Optics d January 2003 d Vol. 8 No. 1
l
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ss

of LSMD in highly turbulent situations and very pulsatil
flows. Signal-processing algorithms will be formulated in t
future to automatically subtract the effects of flow eddies a
pulses, and thus distinguish embolic signal from the ba
ground more effectively.

Kim developed a method for differentiating between m
croemboli based on their composition and the ratio of lig
scattered at 5- and 20-deg angles.35 The difference in refrac-
tive indices enabled him to differentiate between air, polys
rene microspheres, and TE. This capability will be incorp
rated into the current design of the LSMD to increase
diagnostic power available to surgeons by enabling them
distinguish between air bubbles and TE during cardiopulm
nary bypass.
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