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¢ Abstract
Whereas commercially available hematological analyzers measure volume of individual
platelets, angle-resolved light-scattering provides unique ability to additionally measure
their shape index. We utilized the scanning flow cytometer to measure light-scattering
profiles (LSPs) of individual platelets taken from 16 healthy donors and the solution of
the inverse light-scattering problem to retrieve the volume and shape index of each
platelet. In normal conditions, the platelet shape index distribution (PSID) demon-
strates three peaks, which relate to resting, partially activated, and fully activated plate-
lets. We developed an algorithm, based on fitting PSID by a sum of three peak
functions, to determine the percentage, mean platelet shape index, and distribution
width of each platelet fraction. In total, this method gives eight additional parameters
of platelet morphology and function to be used in clinical hematological analysis. We
also stimulated the platelets with adenosine diphosphate (ADP) and measured the
dependence of equilibrium PSID, including the total percentage of activated platelets,
on ADP concentration.

© 2016 International Society for Advancement of Cytometry
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BLOOD platelets are small cells of great importance in many pathophysiological pro-
cesses including thrombosis, hemorrhage, inflammation, wound healing, antimicro-
bial host defense, angiogenesis, and tumor growth and metastasis (1). Therefore, the
platelets should be characterized with as much details as possible in the framework
of routine clinical analysis of blood cells. Unfortunately, hematological analyzers
measure only individual platelet volume with either electrical-impedance or two-
angle light-scattering methods (2). Together with platelet counting, this results in
only four basic parameters of platelet population (three of them are independent):
the platelet concentration (PLT), the fraction of the blood volume occupied by plate-
lets (plateletcrit, PCT), the mean platelet volume (MPV), and the (PDW). Both
methods ignore shape differences between measured cells introducing uncontrolled
errors in determination of single platelet volume. Manufacturers of hematological
analyzers are trying to provide additional parameters using low-angle light scattering
and fluorescence from biomarkers (3). In particular, fluorescence of RNA-linked
dyes used to determine of immature platelet fraction (IPF) (4). However, the imma-
ture fraction is separated from normal cells by a somewhat arbitrarily placed line
that, again, results in uncontrolled errors of IPF (5). Whereas fluorescent markers
require more complicated and expensive sample preparation, the light-scattering

—=ISAC

International Society for Advancement of Cytometry

intensities measured at two solid angles (forward and side scattering) in ordinary
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flow cytometer do not allow one to determine characteristics
of nonspherical particles. Forward and side light-scattering
intensities can potentially be used to characterize only single
homogeneous spherical particle by its size and refractive index
(6). However, the platelet shape is far from a sphere even for
activated cells. Hence, an instrumental solution for precise
characterization of platelets, including their shape, has to
measure larger amount of light-scattering data for each parti-
cle. An example of such solution is a scanning flow cytometer
(SEC) (7), which measures angle-resolved light-scattering pro-
files (LSPs) of single particles. It has been used to perform
precise characterization of single platelets, including determi-
nation of volume (with sub-diffraction precision) and shape
(aspect ratio), assuming an oblate spheroid as its optical mod-
el (8). Moreover, scanning flow cytometry demonstrated sen-
sitivity to platelet activation accompanied by platelet shape
change. The latter is considered an universal indicator of
platelet activation (9,10) and several attempts were made to
assess this change using forward and side scattering channels
(11,12). However, at its best such approach may only be used
to detect shape change of population, but not of single cells.
From physical point of view, shape change constitutes the
disk-to-sphere transformation and pseudopodia formation,
which can be characterized by the decrease of cell mean aspect
ratio from 4-6 (flat, discoid cells) to 1-2 (rounded cells)
(13,14). Note that small size and refractive index of platelets
hinder the determination of aspect ratio by optical microsco-
py (15).

In this article, we used a SFC to measure LSPs of individ-
ual platelets and solved the inverse light-scattering (ILS) prob-
lem to retrieve volume and shape index of a platelet modelled
by an oblate spheroid. The distributions over the platelet
shape index were constructed for a number of donors. We fit-
ted them by a sum of three beta density functions to retrieve
parameters of resting, partially and fully activated platelets —
three fractions which were previously observed by scanning
electron microscope (16,17) and fluorescence flow cytometry
(18). The developed method allowed us to determine 8 new
platelet parameters, which should improve the platelet-related
sensitivity of routine blood tests. To illustrate the performance
of the new method, we studied an effect of adenosine diphos-
phate (ADP) stimulation on platelet parameters.

METHODS

Scanning Flow Cytometry

The actual SFC measures angle-resolved light scattering
in a form of LSP for individual particles with a 660-nm laser
which beams parallel to the cell flow and with original light
collection system (7,19). Also the 488-nm laser is used to pro-
duce forward and side scattering signals in a conventional
manner. The instrument used in the present work was fabri-
cated by Cytonova LLC (Novosibirsk, Russia). The LSP
strongly depends on the particle morphology, and its potential
in precise characterization of blood platelets (8,20) and other
cells (21-25) has been demonstrated. Solving the ILS problem,
we determine the volume and shape index for each cell in a

sample and construct distribution of platelet population over
these characteristics.

Sample Preparation

Platelets were obtained from the venous blood of healthy
donors with informed consent. Blood was collected using vac-
uum tubes with sodium citrate. To get the platelet-rich plas-
ma, we followed the guidelines including the sedimentation of
red blood cells during approximately 1 hour (26). Several
platelet samples were made by 30-fold dilution of plasma with
0.9% saline in plastic tubes. Tubes were allowed to rest for at
least 15 min. Each platelet sample was then measured with the
SEC either as is or after the addition of ADP. The delay
between the addition of ADP and measurement was about
30 s. All manipulations were carried out at room temperature
(25°C).

Inverse Light-Scattering Problem

To characterize individual platelets from LSPs, we solved
the ILS problem applying an oblate spheroid as an optical
model for both resting and activated platelets. The solution is
based on comparison of a platelet LSP measured by SFC with
a spheroid LSP from a theoretically calculated database (8).
The characteristics of measured platelet are assumed equal to
the characteristics of spheroid (equi-volume sphere diameter
d, refractive index n, orientation angle f, and shape index J)
that gave the best-fit for the corresponding measured LSP. An
oblate spheroid is the simplest optical model of a platelet, still
it gives good agreement of theoretical and experimental LSPs,
as well as good precision of determined cell characteristics.
Moreover, it works well even for a platelet with pseudopodia,
since the latter are much thinner than the wavelength and has
little effect on LSP (27).

In our previous study (8) we described a platelet shape
via an aspect ratio that is a/b where a and b are the major and
minor axes of an oblate spheroid respectively. In the current
study, we describe a platelet shape via the following shape
index 0:

2ab

T2+ W

The shape index of 1 corresponds to a spherical shape (acti-
vated platelet) whereas shape index of 0.1 corresponds to a
discoid (resting platelet) with aspect ratio of approximately
20. Note that J is the harmonic mean of the aspect ratio and
its inverse; thus, it is limited to a range [0,1]. Moreover, as
shown below, it has some favorable properties in terms of the
resulting distributions.

In total, we used four spheroid characteristics: equi-
volume sphere diameter d, refractive index n, orientation
angle f5, and shape index 0. The theoretical database with
2,00,000 records containing spheroid characteristics and cor-
responding LSPs was constructed by randomly sampling char-
acteristics from the following intervals: dE[1.0 um, 4.24 um],
n€[1.37, 1.39], fE[0°, 90°], & €[0.1, 1], based on literature
data (14,15,28,29). Theoretical LSPs were calculated at the
Supercomputing center of the Novosibirsk State University
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using the code ADDA v.1.2 (30), based on the discrete dipole
approximation.

Shape Index Distribution Analysis

The solution of the ILS problem allows one to determine
four characteristics of each platelet measured with the SFC,
but only two of them (volume and shape index) have clinical
importance. The other characteristics of a platelet (refractive
index and orientation angle) play a technical role in solution
of the ILS problem. Distribution over platelet volume is an
established component of a clinical analysis and is commonly
described by MPV and PDW parameters (31). The distribu-
tion over the platelet shape index has not been previously
measured with sufficient statistics. Below we introduce a new
algorithm for analysis of this distribution.

We propose the following scaled beta (distribution) den-
sity function (32) for analysis of platelet shape index distribu-
tion (PSID):

N (1—x)""!

, 0<x < 1
(85 Omin s O 80,7) = B 7) Omax = 0min)
0, otherwise.
5_6min 50_5min
x=——F—,a=1+(y—1) ———F,
6max _5min (V ) 5max _60
(2)

where B(a, y) is the Euler beta function, d,;, and J,,,, are left
and right boundary values, at which density falls to zero, and
Jy is the peak location (mode). This function is normalized to
have unit integral over the whole range of d, and can represent
both symmetric and asymmetric distributions. Parameter
y>1 is responsible for the degree of curvature (kurtosis) of
the function, while the asymmetry is quantitatively described
by the ratio (9 — Omin)/(Omax — d0). For yp>2 (a0>2) the
function approaches its right (left) boundary value smoothly
(with zero derivative); otherwise, its derivative is not continu-
ous at the corresponding boundary.
The mean value of the beta distribution is given as

(5max _50)(5max +5min _250)
y(émax _5min )+5max +5min _250 '

E[0]=0d0+ (3)
which is exactly dy in the symmetric case. The full width at
half maximum (FWHM) can be evaluated by solving the fol-
lowing equation:

90~ 9min

= 5 =0 —_
gﬁ%u—wzc>l(%_%m)mﬂo%m R
2 6max - (Smin 6max - 5min

which has exactly two solutions in the range (0,1): x; and x,.
The FWHM is then given as w= lx; — %!(dmmax — Omin)- For
important case of symmetric beta density, Eq. (4) boils down
to a trivial quadratic equation implying

1

W:(émax _5min) 1- <§>IT1 (5)

Based on our results and literature data (16-18), we account
for three platelet fractions — resting (index “r”), partially
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activated (index “pa”), and fully activated platelets (index
“fa”). Among a multitude of peak functions we have chosen
the beta density because it vanishes at the boundaries of the
shape index range, which agrees with natural physical con-
straints. However, the overall variety of this function family is
probably too large, when a sum of three is used to fit a single
distribution. So we additionally postulated a number of rea-
sonable constraints. First, we set 0, = 0.1 (corresponding to
aspect ratio 20) for resting platelets, which amply covers the
physiological range (14) and agrees with the database range,
described in section “Inverse light-scattering problem”. How-
ever, setting o, = 0 also works fine and has only minor effect
on the final results (data not shown). Second, we set 0, = 1
for fully activated platelets, since we did not find any spherical
platelets when applied the algorithm for separation of spheri-
cal and spheroidal particles from LSPs (33). Third, we
assumed that distributions of both resting and fully activated
platelets are symmetric, since our data gives no reliable indica-
tions against it. Finally, acknowledging our lack of knowledge
about the partially activated fraction, we set the support of the
corresponding beta density to the whole range, i.e., 0, = 0.1
and . = 1. Then we have to allow it to be nonsymmetric
not to fix the peak position d.

To conclude, the measured PSID are fitted by the follow-
ing normalized function:

F2(8)=n X[ (0;0.1,285—0.1, 05, 7,) +11e X £ (; 208 = 1,1, 0% )

+(1_’7r_77fa)xf(6§ 0.1,1, 6ga7 Vpa)7
(6)

where 7, and 7, are to percentages of resting and fully activat-
ed platelets, respectively. The fitting function contains eight
unknown parameters, including peak positions and width-
related parameter for three platelet fractions, plus one addi-
tional scaling coefficient, if the processed distribution (histo-
gram) is not normalized (see, e.g., Fig. 1). To provide an
adequate precision in determination of these parameters, one
should construct the PSID with >30 bins and a maximal bin
of about 300 cells. Thus, we recommend measuring >5000
platelets in each sample.

Analysis of ADP Stimulus

In analysis of ADP stimulus on platelet activation, we
used a simple empirical function based the assumption that
the increase of total percentage of activated platelets
1, =1—mn, is proportional to the average amount of ADP
molecules bound to platelets. The binding of ADP can be
described by the following kinetic scheme (34):

ADP+R & ADP - R, 7)

where R denotes the ADP receptor P2Y; (35) and K is the
equilibrium constant. Since our experimental conditions cor-
respond to excess of ADP, scheme (7) and the above assump-
tion lead to the following dependency of 1, on ADP
concentration:
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Figure 2. Scatterplot of platelet volume versus shape index for donors #9 (left) and #1 (right), distributions over both characteristics, and

11 parameters of platelet population.

distributions over platelet volume and shape index are shown
in Figure 2 (for donor #9 and #1).

Evolution of PSID in Response to ADP

The ADP stimulation caused a rapid drop of percentage
of resting platelets (36) that was further stable for at least10
min. To quantify the effect of ADP stimulus, we measured
PSIDs of 10 samples of one donor as described in Methods
after stimulation by different doses of ADP starting from 20
uM and dividing by 2 down to 0.08 uM. These 10 PSIDs were
processed the same way as other samples to determine #,,
among other parameters, for each sample. Three example
PSIDs, unstimulated and stimulated by two different doses,
are shown in Figure 3 together with fit results. Dependence of
determined 7, on these nine ADP doses is presented in Figure
4. We fitted it by Eq. (8) and obtained the equilibrium con-
stant K= (8 £2)X10 8 M.

Discussion

We introduced definition of the shape index of oblate
spheroid in the form of Eq. (1) because such definition pro-
vides approximately equal peak widths for resting and fully
activated platelets (see Figs. 1 and 2, parameters PSIDW-R
and PSIDW-FA in Table 1). We have also tried definitions
related to the aspect ratio (8), sphericity (37), and volume
sphericity index (38). However, they resulted in distributions
with largely different widths of components, which is inconve-
nient for further processing using the uniform binning of the
underlying histogram. Let us further reflect on the choice of
the peak function. It may seem that unrestricted beta density
has too many free parameters, given the data to fit. However,
after the additional constraints, each peak is described by only
two parameters (position and width), not accounting for rela-
tive amplitudes. Thus, it is the minimum possible number of
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Figure 4. The percentage of activated platelets as a function of
ADP doses. The PSID of ADP doses of 0, 0.16, and 2.5 uM are
shown in Figure 3. The line corresponds to the best-fit of experi-
mental points by the molecular-kinetic model based on ligand-
receptor binding. Resulting equilibrium constant for ADP-platelet
binding is also shown (best fit value + standard deviation).

parameters, equal to, e.g., that for a Gaussian description of
the peaks. While the beta density satisfies the physical require-
ment of zero boundary values, it is still only a convenient
empiric function. The wealth of information provided by the
measured PSID allows one, in principle, to develop more real-
istic theoretical description of this distribution — an important
topic for future research. However, this can only be done
based on understanding of molecular mechanisms underlying
the platelet shape change based, e.g., on the geometry of the
ring of microtubules and its evolution during the activation
(39,40).

We noticed that in some cases, a PSID could be also fitted
by a sum of only two beta densities, e.g., donors #4 and #13 in
Table 1 and Figure 2(b). However, the standard procedure also
works fine, while the possible ambiguity is indicated by large
relative uncertainties of parameters of fully activated platelets
(%PFA and PSIDW-FA). Overall, the platelet parameters in
Table 1 demonstrate different magnitudes of variations. In
particular, MPSI-R varies from 0.251 to 0.396 (mean value
0.332), PSIDW-R—from 0.05 to 0.25, %RP—from 4% to
43%, MPSI-PA—from 0.52 to 0.75 (mean value 0.59),
PSIDW-PA—from 0.23 to 0.73, MPSI-FA—from 0.865 to
0.926 (mean value 0.891), PSIDW-FA—from 0.09 to 0.17,
%FAP—from 1% to 29%.

We must stress, however, that apart from actual patient
platelet characteristics these variations can be caused by
manipulations with blood samples before analysis. We tried to
follow the standard sampling procedure described in Methods
as strictly as possible. Nevertheless, our experience shows that
platelet shape (or activation status) is very sensitive to a pro-
cedure of taking blood sample using a steel needle, transporta-
tion of blood sample from patient to the analyzer, and platelet
flow in thin plastic tubes of the flow cytometer (data not
shown), in accordance with other researchers (41). This fact

forces us to optimize the preanalytical procedure for analysis
of platelet parameters with the new method. The goal is to
reduce manipulations of a blood sample as much as possible.

We presented the first attempt to apply the new method to
analysis of ADP stimulus on platelet activation. The PSIDs are
sensitive to ADP dose (Fig. 3), and the resulting dose depen-
dence (Fig. 4) is similar to that obtained by fluorescent labeling
(42-44). However, as discussed in the Introduction, shape
change does not completely correlate with appearance of
activation-specific receptors. Therefore, a combination of the
new method and standard labeling techniques may provide
deeper insight into the molecular mechanisms of platelet acti-
vation. The results of Figure 4 demonstrate good agreement
between experiment and mathematical model, and the deter-
mined equilibrium constant is close to the value of (10.9 =
1.8)X10™® M, reported for binding of ADP and P2Y, (35).
This agrees with the accepted notion that ligand-receptor bind-
ing is the first stage of platelet activation by ADP.

To conclude, we proposed a novel method of precise and
rapid determination of platelet volume and shape index, which
allows detailed characterization of platelets without any fluores-
cent labels or additional reagents. Incorporation of this method
into routine hematological analysis would provide new oppor-
tunities both for diagnosis of hemostatic disorders and for the
development of novel therapeutic strategies. From biophysical
viewpoint, rapid measurement of platelet shape is complimen-
tary to other methods, and enables further studies of shape
change mechanisms. For instance, importance of cytoskeleton
components in this process can be assessed by using selective
inhibitors such as taxol and cytochalasin (45-48).
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