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Aggregation and Disaggregation Kinetics of Human Blood Platelets:
Part II. Shear-induced Platelet Aggregation

Pin Y. Huang* and J. David Hellums
Cox Laboratory for Biomedical Engineering, Rice University, Houston, Texas 77251-1892

ABSTRACT A population balance equation (PBE) mathematical model for analyzing platelet aggregation kinetics was de-
veloped in Part I (Huang, P. Y., and J. D. Hellums. 1993. Biophys. J. 65: 334-343) of a set of three papers. In this paper, Part
11, platelet aggregation and related reactions are studied in the uniform, known shear stress field of a rotational viscometer, and
interpreted by means of the model. Experimental determinations are made of the platelet-aggregate particle size distributions
as they evolve in time under the aggregating influence of shear stress. The PBE model is shown to give good agreement with
experimental determinations when either a reversible (aggregation and disaggregation) or an irreversible (no disaggregation)
form of the model is used. This finding suggests that for the experimental conditions studied disaggregation processes are of
only secondary importance. During shear-induced platelet aggregation, only a small fraction of platelet collisions result in the
binding together of the involved platelets. The modified collision efficiency is approximately zero for shear rates below 3000 s-1.
It increases with shear rates above 3000 s-1 to about 0.01 for a shear rate of 8000 s-1. Addition of platelet chemical agonists
yields order of magnitude increases in collision efficiency. The collision efficiency for shear-induced platelet aggregation is about
an order of magnitude less at 370C than at 240C. The PBE model gives a much more accurate representation of aggregation
kinetics than an earlier model based on a monodispersed particle size distribution.

INTRODUCTION

Fluid mechanical shear stress can have profound effects on
human blood cells. In particular, human blood platelets are
very sensitive to shear stress as observed by morphological,
biochemical, and functional changes. Several investigators
have examined in vitro the effect of defined shear stresses on
platelets (2-14). Shear stresses of 50 dynes/cm2 and higher
trigger platelet activation, cause the release of granule con-
tents into the suspending medium, and elicit platelet aggre-
gation. Higher shear stresses (100 dynes/cm2) result in the
appearance of nonstorage nucleotides and other cellular con-
tents, indicating cell lysis. The response of platelets to ag-
onists and plasma cofactors depends on the shear stress. El-
evated shear stress is known to occur in arteries partially
occluded by atherosclerosis or vasospasm as well as in ar-
tificial valves and circulation assistance devices. Thus, stud-
ies on kinetics and mechanisms of response to shear stress
are of potential clinical value in understanding vascular dis-
orders including thromboembolic events.

In Part I (1) a mathematical model incorporating both par-
ticle coalescence and breakage processes was developed to
apply to platelet reactions under fluid mechanical shear
stress. In this paper, this reversible population balance model
is applied to match the evolution of observed particle volume
density histograms by determination of the kinetic parame-
ters of the model. These kinetic parameters, which include
the collision efficiency for the aggregation processes and the
breakage rate coefficient for the particle breakup processes,
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are used to provide insight into the activation of platelets and
stability and cohesiveness of platelet aggregates.

EXPERIMENTAL METHODOLOGY

Platelet aggregation and disaggregation in the shear field were assessed by
tracking changes in the particle size distribution. The experimental meth-
odology is similar to that of Belval et al. ( 15). The procedure consists of four
steps: preparation of a platelet suspension, aggregation by physical and
chemical means, determination of the particle size distribution, and data
reduction. The procedure is outlined below, and more details are given by
Huang (16).

Platelet and viscometer preparation

Blood was obtained from healthy adults of age 20-50 by venipuncture into
sterile disposable plastic syringes. The blood was then transferred into sterile
siliconized glass tubes that contain sodium heparin (Elkins-Sinn Inc., Cherry
Hill, NJ), 0.1 ml of anticoagulant solution (10 units/ml of whole blood)/10
ml of whole blood. The heparin-containing tubes were then capped and
mixed by gentle inversion to inhibit further platelet activation and alkalosis.
Centrifuging the blood at 150 g and 250C for 15 min yielded a platelet-rich
plasma (PRP) with a platelet count ranging from 240,000 to 500,000/,ul. The
remaining red cell plasma suspension was then centrifuged at 25°C for 15
min at 9,000 g, giving platelet-poor plasma (PPP). This PPP was used to
dilute the PRP so that a platelet count of 280,000-350,000/,ul was obtained.
A cone-plate viscometer (Ferranti-Shirley 781, Ferranti Electric Inc.,

England) applied the shear field to the platelet suspension. This viscometer
consists of a stationary platen and a rotating cone (Fig. 1) that imposes a
uniform shearing motion to the fluid medium. Throughout the shear ex-
periments, a truncated cone with an angle of 1/3° is used. This cone gives
a gap between the cone and platelet ranging from 30 ,um at the center to 120
,lm at the outside. The day before shear experiments, the cone and platen
were treated to inhibit platelet-surface interaction by the following proce-
dure. 1) Silicone solution consisting of I part Prosil-28 (PCR Research
Chemicals; Gainesville, FL) and 100 parts of distilled water was loaded into
the gap between the cone and platen and left for 1 h. 2) The cone and platen
were then cleaned with deionized water and dried overnight at room tem-
perature.
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FIGURE 1 Cutaway schematic view of a cone-
plate viscometer showing (a) rotating truncating
cone (b) stationary plate (c) platelet suspension. A
platelet suspension between the cone and the plate
is subjected to a known, uniform shearing stress for S
a specified period of time. Subsequently a specimen S
is fixed and its particle size distribution determined
electronically.

Specimens were subjected to a constant, uniform shear rate in the range
of 3200 to 10,054 s-', for exposure times in the shear field ranging from
20 to 100 s. Shear studies were carried out at both 24 and 37°C. For ex-
periments carried out at 37°C, platelet suspensions were incubated in a water
bath at 37°C for 5 min before the application of shear force. Incubation time
was set at 5 min, because storage of PRP at higher temperatures is known
to age the platelets more rapidly (17, 18). The addition of any reagent during
the shear experiment was accomplished by placing the tips of a precision
Hamilton microsyringe in the shearing fluid and infusing the syringe content
without stopping the shearing.
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araldehyde concentration on platelet aggregates in the cone-plate viscometer
using various glutaraldehyde concentrations both in the diluent and in the
aggregated sample. Based on these studies, a final concentration of 0.05%
w/v of glutaraldehyde was injected directly into the viscometer immediately
prior to the cessation of shear stress exposure. Then the samples were diluted
at least 1000-fold into Isoton II electrolyte (Coulter Electronics) containing
0.25% w/v glutaraldehyde concentration, and counted immediately on the
50-,um aperture. Particle sizing using the 280-,gm aperture was usually
completed within 6 h. A sample of the unsheared platelet suspension treated
in the same way as sheared samples served to give the baseline particle size
distribution.

Particle size distributions

An electronic particle counter (Coulter Multisizer, Coulter Electronic, Hi-
aleah, FL) was used to measure the particle size distribution of the samples.
In the following discussion, particle volumes are expressed as the diameter
of an equivalent rigid sphere. The particle counter is calibrated with rigid
spheres, and it is known that flexible, nonspherical shapes give somewhat
different response. Particles in the diameter range from 1.0 to 12.7 ,um were

measured by the use of a 50-gm diameter aperture, and particles in the
diameter range from 6.4 to 168 gm were measured by the use of a 280-gm
diameter aperture. The sedimentation velocity of the particles during count-
ing was estimated by Bell et al. (13, 14) using the Stokes equation. For the
largest particles counted by the use of the 50-gum aperture tube, they found
sedimentation to be negligible. However, counting by the use of the 1 00-gum
aperture tube, they observed that the largest particle sedimented 17 mm in
100 s. To avoid sedimentation problems, particles were kept in suspension
during counting by constant stirring with a four-blade stirrer paddle (Coulter
Electronics). For the 50-gm aperture, particles in 100 gl of electrolyte were
counted. Because relatively few large aggregates are formed in the sus-

pension, results with the large aperture tube tended to give a scattered his-
togram. Therefore, particles in 2000-4000 gl of electrolyte were counted
to correct this problem. In all particle sizing, the coincidence correction
(described in the Coulter Manual (19)) was kept below 3% of the raw count.

Several investigators, including Nichols and Bosmann (20) and Gold-
blum et al. (21), have studied the changes in the platelet size distributions
and the degree of quenching of platelet reactions using various types and
concentrations of fixatives. Results by these investigators show that there
are artifacts associated with the fixation of cells due to changes in size and
deformability. However, careful use of electronic particle size data can pro-

vide approximations of value in understanding platelet aggregation kinetics.
Kinetic studies of platelet aggregation depend heavily on the ability to stop
the processes before dilution, fixation, and electronic size distribution anal-
ysis (21, 22). Pilot studies (16) were carried out on the influence of glut-

Data reduction
A microcomputer interfaced with the electronic particle counter recorded the
histograms. Three duplicate particle counts were performed for each sample,
and the following computational processes were executed as follows. 1)
Construct the size distribution from the number density data; 2) apply a

moving average to smooth the raw data; 3) average multiple Coulter counter
runs from the same sample; 4) splice the data from the 50- and 280-gm
apertures; 5) convert number density from number of counts/channel to
number density/dimensionless logarithmic scale; and 6) smooth the spliced
data with a cubic spline.

Instrument calibration constants for 50- and 280-gm apertures were de-
termined using 5.0- and 40-gm spherical latex particle calibration kits
(Coulter Electronics). The instrument was also calibrated with a platelet
standard control (American Dade, American Hospital Supply Corp. Miami,
FL). The mean platelet volume, vo, was calculated from the ratio of total
volume to total population:

f vn(v,t) dv
f 'n(v,t) dv (1)

These values were found to be 12 + 2 (mean + SE) gim3 for the unaggregate
suspensions. Thus, x = 1 in the results to be reported corresponds to this
volume.

RESULTS

In this section, analyses are presented of shear-induced plate-
let aggregation kinetics by use of population balance math-
ematics. The model accounts for both aggregation and break-
age due to splitting (the reversible model). Kinetic results are
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also analyzed using the pure coalescence or irreversible mod-
el. In the irreversible model, two parameters ((a and E) are
varied; and in reversible model, three parameters (Oa, E, and
kl) are varied. The equations and definitions of the param-
eters are given in the preceding paper (1).

Experimental results

For the stress conditions used in this work, only a very small
fraction of the platelets are lysed. The observed reductions
in particle count are almost entirely due to aggregate for-
mation. Typical results expressed as number and volume den-
sity distributions plots for shear-induced aggregation at var-
ious shear rates are given in Figs. 2 and 3. In these figures,
the vertical lines represent the joint of two particle size dis-
tributions from both the 50- and 280-gm apertures. At time
t = 0, shear stress is applied to the platelet-rich plasma
(300,000 platelets/,ul) to initiate aggregation. At the rela-
tively low shear rate of 3600 s-l, 60 s of exposure to shear
results in a decrease in the total population, P, from 1.0 to
0.8, in a decrease of the singlet peak, and in the formation
of small and intermediate size aggregates (Fig. 2). The for-
mation of intermediate size aggregates is more apparent
when the same information is replotted in volume density
form (Fig. 3). In the volume density plot, the spread of the
mass over various particle sizes is much more visible. At the
higher shear rate of 5400 s-1, platelets and small aggregates
that exist at lower shear stress combined with each other to
form larger aggregates as shown in the number density plot
of Fig. 2. A distinctive bimodal distribution is obtained when
the same information is constructed in volume density form
(Fig. 3). At a still higher shear stress of 6300 s-1, more large
aggregates are formed as shown by the shifting of the mode
of second peak to the right in the volume density curve.
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Comparison of experimental and calculated size
distributions

Comparisons are given between calculated distributions and
experimental observations at an early stage of platelet ag-
gregation in terms of the number density distribution (Fig. 4)
and in terms of volume density distribution (Fig. 5). Here P
is the total population of the particles expressed as a fraction
of the initial, unaggregated population. Thus,p = 0.82 in Fig.
4 corresponds to a diminution of the initial particle count by
18%. The initial condition, corresponding to the unsheared
PRP, is given by open squares. Experimental results, given
by open circles, are for platelet-rich plasma subjected to a
20-s exposure at a shear rate of 5400 s-'. Computed curves
using both the pure coalescence model and the reversible
model are given by open triangles and a curve, respectively.

At the onset of the shear aggregation, the total number of
singlets in suspension was reduced as shown by the dimin-
ished singlet peak (x 1) as compared to the initial distri-
bution (Fig. 4). These singlets reappeared as aggregates as
shown by the right shoulder on the singlet peak (x > 4). This
decrease in singlets and formation of larger aggregates is
captured by both the pure coalescence model and the re-
versible model. Both models give good agreement with the
experimental observations. In volume density form (Fig. 5),
more emphasis is placed on the larger aggregates in the sus-
pension (x > 4). Once more, good agreement is obtained
between the calculated and experimental results. The abrupt
change in the calculated histogram at x = 2 is due to fact that
a step function is used to describe +(x). Two observations
from these results are: 1) the value of E is ofthe order of 10-3,
which means that, out of 1000 collisions, only one results in
binding, and 2) the values of /(1 - a) for the reversible and
irreversible models differ by only 4%.

I
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FIGURE 2 Spliced number density distributions for three different shear rates at a shear exposure time of 60 s at 24°C. (O) Histogram before exposure
to the shear field; (A) histogram subjected to 3600 s-' shear rate; (+) histogram subjected to 5400 s51 shear rate; and (*) histogram subjected to 6300 s-'
shear rate. The vertical line denotes the particle volume category where results from the 50 and 280-,um aperture are spliced together.
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FIGURE 3 Spliced volume density distributions for three different shear rates at shear exposure time of 60 s at 24°C. (l) Histogram before exposure
to the shear field; (.L) histogram subjected to 3600 s-' shear rate; (+) histogram subjected to 5400 s-' shear rate; and (*) histogram subjected to 6300 s-'
shear rate. The vertical line denotes the particle volume category where results from the 50 and 280-,um aperture are spliced together. The distributions are
for the same experimental results as in Fig. 2.
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FIGURE 4 Comparison of observed and predicted number density histograms at an initial stage of shear-induced aggregation (p = 0.82): (l) Histogram
before shear stress; (0) histogram for PRP following 20-s exposure to G = 5400 s-' at 24°C; (/L) pure coalescence solution with E = 2.4 x 10- and
a = 0.65; and (-) reversible model solution with E = 2.8 X 101, (Pa = 0.61 and k1 = 3.3 X 10 . All histograms other than the initial histogram have
the same dimensionless volume and time.

Figs. 6 and 7 give comparisons between calculated and
experimental results for an advanced (p = 0.2) stage of ag-
gregation. In the more advanced stages of aggregation, the
distribution takes on a distinctive bimodal shape as shown in
the volume density plots. In all cases, good agreement is seen
between the calculated and observed distributions. The dif-
ferences between the experimental observation and the cal-
culated results seem to be within the range of the experi-
mental reproducibility. These deviations in reproducibility
may include contributions related to the sampling and ana-

lytical methods (quenching of platelet reactions, sample di-
lution, particle sizing). Also, particle counts in the important
large particle size range tend to be more scattered since fewer
aggregates are detected in that range. As a result, scattering
in the histogram is more pronounced when it is presented in
volume density form.
The results in Figs. 2-7 were for shear-induced platelet

aggregation at 23°C. Several studies of shear-induced plate-
let aggregation were carried out at 37°C. Figs. 8 and 9 give
comparisons between the calculated and experimental results
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FIGURE 5 Comparison of observed and predicted volume density histograms at an initial stage of shear-induced aggregation (p = 0.82): (O) Histogram
before shear stress; (0) histogram for PRP following 20-s exposure to G = 5400 s-' at 24°C; (A) pure coalescence solution with e = 2.4 x 10 and
4pa = 0.65; and (-) reversible model solution with e = 2.8 X 101, 4a = 0.61 and k, = 3.3 x 10 . All histograms other than the initial histogram have
the same dimensionless volume and time.
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FIGURE 6 Comparison of observed and predicted number density histograms at an advanced stage of shear-induced aggregation (p = 0.20): (E) Histogram
before shear stress; (0) histogram for PRP following 60-s exposure to G = 6300 s-' at 24°C; (A) pure coalescence solution with E = 1.6 X 10-3 and
Oa = 0.4; and (-) reversible model solution with E = 1.2 X 10-3, Oa = 0.6 and k1 = 1.2 x 10'. All histograms other than the initial histograms have
the same dimensionless volume and time.

at a shear rate of 10,080 s-1 and an exposure time of 60 s.

The extent of platelet aggregation tends to be less at 37°C
than at 23°C. Therefore, a higher shear rate and longer ex-

posure time are used for a given degree of aggregation. The
value of c/(1 - 4a) is of the order of 104-about an order
of magnitude lower than the value at 23°C for the same con-

ditions. The lesser aggregation could be related to the higher
activity of ADPase enzymes at 37°C, and this is consistent
with the reports by Cronberg (17) and Breddin and Krzy-
warek (18) that storing of PRP at 37°C rapidly aged the
platelets.

Population balance parameters

The dependence of (ka, e, and k, on shear rates and shear
history was examined. Shear-induced platelet aggregation
was carried out at various shear rates ranging from 3600 s-1
to 7650 s-1 at exposure times of 40 and 60 s. Shear histories
from 20 to 100 s were carried out at shear rates of 5400 s-1
and 6300 s-'. The ratio, E/(1 - Oa), rather than the individual
values of E and 4b, is reported for these studies, since, as

explained in Part I (1), this ratio is a better correlator of
results than either individual parameter.
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FIGURE 7 Comparison of observed and predicted volume density histograms at an advanced stage of shear-induced aggregation (p = 0.20): (O) Histogram
before shear stress; (0) histogram for PRP following 60-s exposure to G = 6300 s- at 24°C; (A) pure coalescence solution with E = 1.6 x 10-3 and
Ota = 0.4; and (-) reversible model solution with E = 1.2 X 10', Oa = 0.6 and k, = 1.2 x 100. All histograms other than the initial histograms have
the same dimensionless volume and time.
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FIGURE 8 Comparison of observed and predicted number density histograms at an initial stage of shear-induced aggregation (p = 0.70) at 37°C: (a)
Histogram before shear stress; (0) histogram for PRP following 60-s exposure to G = 10800 s-'; (A) pure coalescence solution withe = 2.0 x 10- and
Oa = 0.6; and (-) reversible model solution with E = 2.4 X 10-, 4a = 0.55 and k, = 1.7 X 10-4. All histograms other than the initial histograms have
the same dimensionless volume and time.

In Fig. 10, it can be seen that collision efficiency increases
moderately with exposure time to shear stress over the range

of 20 to 100 s. Similarly, it can be seen in Fig. 11 that collision
efficiency is a slowly increasing function of shear rate over

the range of 3600 to 5400 s-1, but increases more rapidly with
higher shear rates. These findings are consistent with the
results reported by Belval and Hellums (7), but Belval and
Hellums showed that for smaller exposure times (10 s) the
collision efficiency is higher than at 20 s. They also found

evidence that at very high shear rates (10,000 s-1 the collision
efficiency decreases.
The breakage rate constant, kl, was found to be indepen-

dent of both shear rate and time history (not shown). The
breakage rate constant, kl, was found to be at a low, nearly
constant level of about 3.0 X l0-4. This finding is consistent
with the comparison studies of calculated and experimentally
observed particle size distributions (Figs. 4-7). As shown in
those figures, the reversible and irreversible models give al-
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FIGURE 9 Comparison of observed and predicted volume density histograms at an initial stage of shear-induced aggregation (p = 0.70) at 37°C: (O)
Histogram before shear stress; (0) histogram for PRP following 60-s exposure to G = 10800 s-'; (A) pure coalescence solution with e = 2.0 x 10 and
ta = 0.6; and (-) reversible model solution with E = 2.4 X 10',4.a = 0.55 and k1 = 1.7 X 101. All histograms other than the initial histograms have
the same dimensionless volume and time.
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FIGURE 10 The dependence of the modified collision efficiency, e/
(1 (a), on exposure time to the shear field for shear rates of 5400 and 6300
s_' at 24°C. Each data point represents the mean ± SE for four to five
experiments from the same donor.

most identical calculated histograms. The estimates of mod-
ified collision efficiency from the two models differ only by
4-16%. The values of the objective function obtained using
the pure coalescence or the reversible model differ by no

more than 1.4 X 10-2. These results suggest that the breakage
events are not important under the experimental conditions
studied. Confirmation of this finding was obtained by solu-
tion using k, = 0 (the irreversible model). These solutions
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FIGURE 11 The dependence of the modified collision efficiency, E/

(1 (a), on exposure time to the shear field for shear rates of 5400 and 6300
s-' at 24°C. Each data point represents the mean ± SE for four to five
experiments form the same donor.

yielded essentially the same calculated histogram as the more
complete model including disaggregation.

Comparison with prior, simpler models

Estimates of the modified collision efficiency were com-

pared with results obtained using simpler models. Assuming
no aggregate breakup or formation of high order aggregates

{5400 sec 1
0 6300 sec-,1
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in the suspension, Bell et al. (13, 14) modeled platelet ag-
gregation using first order kinetics with respect to total di-
mensionless population P. The equation used in their anal-
ysis is given by (Swift and Friedlander (23)),

dP/dt = - 4GEAPhT (2)

with P(0) = 1, the initial population. Integration of the Eq.
2 yields:

ln(P) = -4GEAt/wr (3)

where E is the collision efficiency, G is mean shear rate, and
A is the volume fraction of the platelets in the suspension.
Estimates for E were calculated using Eq. 3 applied to the
experimental population data of this work. These values of
E were then compared to values of c/(1 - 4) determined by
application of the model of this work to the same data. The
results, expressed as a percent difference in E, are given in
Fig. 12 as a function of the final total population. For the
initial stage (p > 0.9) of shear aggregation, the simple
method gives relatively good agreement. However, for in-
termediate and advanced stages of aggregation (p < 0.9), the
values for E calculated using the simple model deviate from
the estimates for c/(1 - 4) calculated using the model of this
work. The difference lies in the assumption of Eq. 3 that the
suspension is not polydispersed. Equation 3 treats each par-

ticle the same-independent of particle volume. It can be
shown that the model of this work is equivalent to Eq. 3 for
the initial instant of application to a monodispersed initial
distribution.
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FIGURE 12 Differences in the estimates for E/(1 - ka) with that of co
using the simplified model by Swift and Friedlander (1964). Each data point
represents the mean ± SE of four experiments from the same donor.

Using the discrete form of the Smoluchowski's equation,
Chang and Robertson (24) reported collision efficiencies of
0.1-0.2 for the ADP-induced aggregation (0.5-100 ,uM
ADP) of rabbit platelets at low shear rates (20-80 s-'). In the
present work, at a shear rate of 450 s-1 and at a final ADP
concentration of 0.25 ,uM, the estimate for the modified col-
lision efficiency is about 0.06 at T = 37°C. These findings
illustrate the extreme sensitivity of the collision efficiency to
activation of platelets by agonists: values of the collision
efficiency range from l0-4 and less for shear-induced ag-
gregation, to 0.06 for the low dosage of ADP, to 0.2 for a
moderate dosage of ADP.

DISCUSSION

The principal findings in this study of shear stress-induced
platelet aggregation are reviewed below.

1) Good agreement is obtained between experimental ob-
servations and model predictions using either the irreversible
coalescence model or the reversible model. The two models
give collision efficiencies different by only 6-16% for shear-
induced aggregation.

2) During shear-induced platelet aggregation, only a small
fraction of platelet collisions result in the binding together of
the involved platelets. The modified collision efficiency is
approximately zero for shear rates below 3000 s-1. It in-
creases with shear rates above 3000 s-1 to about 0.01 for a
shear rate of 8000 s-1. In that case about one collision in a
hundred results in binding. Added chemical platelet agonists
can increase the collision efficiency by one or more orders
of magnitude.

3) Under the test conditions, the breakage rate constant is
observed to be independent of the shear rate, and the break-
age processes are of only secondary importance. The lack of
dependence of the breakage rate constant on the shear rate
suggests a competition between two opposing influences:
increasing platelet activation versus increasing shear forces
acting to destroy platelet aggregates.

4) The collision efficiency for shear-induced platelet ag-
gregation is about an order of magnitude less at 37°C than
at 230C.

5) Simple analytical models of aggregation based on a
monodispersed particle size distribution can accurately rep-
resent the early stages of aggregation. However, these mod-
els are in significant error for extents of aggregation greater
than about 15%.
As suggested by Belval and Hellums (7), an advantage of

using the PBE to model the platelet reaction kinetics is that
the parameters in the model are closely related to physical
characteristics of platelets and platelet aggregates. For ex-
ample, the estimated collision efficiency reflects binding af-
finity of particles for one another. Platelets develop this bind-
ing affinity as a result of activation by physical or chemical
stimuli. Thus the estimate of the collision efficiency can be
used to characterize the state of platelet activation. Similarly,
the breakage rate constant reflects the stability of platelet
aggregates in the shear field.

Huang and Hellums 351



352 Biophysical Journal Volume 65 July 1993

The increase in the modified collision efficiencies with
respect to shear rate and time are consistent with the notion
of different types of binding at low and high shear rates as
reported by Bell et al. (13, 14) for aggregation in the presence
of added ADP. At high shear rates and long exposure times,
after a brief delay, a relatively shear-resistant bond appears
to be formed.

These results are consistent with the findings of Belval and
Hellums (7) and Moake et al. (25) that suggest the shear-
induced platelet aggregation is mediated by ADP released
from the dense granules. Platelets tend to follow the fluid
stream lines and rotate with a frequency proportional to the
fluid shear rate. Platelets experience a time-dependent sur-
face shear stress and will deform due to the flexibility of the
membrane. If the shear stress exceeds a threshold level, it is
known that intracellular ADP will appear in the extracellular
fluid. At higher shear stress, the quantity of liberated ADP
increases, consistent with the increase in the modified col-
lision efficiency with increasing shear rates and times. How-
ever, there is some disagreement among the prior workers on
whether the shear stress directly stimulates the platelet-
release reaction, or whether the initial extracellular ADP is
a result of lysis-leakage related to membrane fatigue (2, 5,
6, 8, 26, 27). In Voisin's studies (8), plasma lactate dehy-
drogenase activity, an indicator of shear-induced platelet ly-
sis, was observed to increase only at shear rates above 7000
s , while ,3-thromboglobulin release (an indicator of
platelet-release reaction) occurred at shear rates of 3000 s-'.
Additional evidence supporting the shear-induced platelet
activation mechanism comes from studies on the roles of
platelet membrane receptors and plasma proteins (25, 28).
For shear-induced platelet aggregation to occur, platelet
membrane glycoprotein receptors GPIb and GPIIb/IIIa are
required, along with extracellular calcium ion and von Will-
ebrand factor (vWf). GPIb and vWF are not required for
aggregation in response to ADP at the low stress levels em-
ployed in aggregometry.

In this paper the population balance model was applied to
the analysis of experimental results under circumstances
where it was found that coalescence (aggregation) processes
were of dominant importance, and reversibility (disaggre-
gation) was of only secondary importance. In the third paper
of this sequence (29), the model is applied to analysis of
experiments wherein reversibility (disaggregation) is known
to be important: disaggregation of platelet aggregates formed
in response to the addition of low dosage ADP.

GLOSSARY

Nomenclature
G mean shear rate, s-'
P total dimensionless particle population expressed as a fraction

of the initial platelet population.
t time (in seconds)

Greek symbols

e collision efficiency

T-' shear stress (dynes/cm2)
A volume fraction of platelets in suspension, dimensionless
(t)a void fraction related to collision diameter, dimensionless
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