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Abstract

In the present study, we propose a theoretical framework to predict the recovery rates of
platelets and white blood cells in the process of centrifugal separation of whole blood con-
tained in a tube for the preparation of platelet-rich plasma. Compared to previous efforts to
optimize or standardize the protocols of centrifugation, we try to further the physical back-
ground (i.e., based on the multiphase flow phenomena) of analysis to develop a universal
approach that can be applied to widely different conditions. That is, one-dimensional quasi-
linear partial differential equation to describe the centrifugal sedimentation of dispersed
phase (red and white blood cells) in continuous phase (plasma) is derived based on the
kinematic-wave theory. With the information of whole blood volume and tube geometry con-
sidered, it is possible to determine the positions of interfaces between supernatant/suspen-
sion and suspension/sediment, i.e., the particle concentration gradient in a tube, for a wide
range of centrifugation parameters (time and acceleration). While establishing a theory to
predict the recovery rates of the platelet and white blood cell from the pre-determined inter-
face positions, we also propose a new correlation model between the recovery rates of
plasma and platelets, which is found to be a function of the whole blood volume, centrifugal
time and acceleration, and tube geometry. The present predictions for optimal condition
show good agreements with available human clinical data, obtained from different condi-
tions, indicating the universal applicability of our method. Furthermore, the dependence of
recovery rates on centrifugal conditions reveals that there exist a different critical accelera-
tion and time for the maximum recovery rate of platelets and white blood cells, respectively.
The other parameters such as hematocrit, whole blood volume and tube geometry are also
found to strongly affect the maximum recovery rates of blood cells, and finally, as a strategy
for increasing the efficiency, we suggest to dilute the whole blood, increase the whole blood
volume with a tube geometry fixed.
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Introduction

For a few past decades, we have seen the increasing interest and advances in clinical applica-
tions of platelet-rich plasma (PRP) to various fields of plastic surgery, dentistry, orthopedics,
sports medicine and so on [1-5]. These, in general, require the treatment of chronic wounds
and/or muscle injuries, which can be greatly benefited from the positive potentials of PRP in
the tissue healing and bone regeneration [4, 6-10]. In order to fully utilize the functionalities
of PRP that make these applications promising, it is required to maximize the concentration of
platelets (and/or white blood cells, although the beneficial effects from the inclusion of leuko-
cytes are still under a debate), which plays a critical role in releasing growth factors, cytokines
and proteinases [8, 9, 11-13]. Thus, many previous studies have tried to optimize (or standard-
ize) the protocols to prepare the platelet-rich plasma so far [14-17], to name some, while vari-
ous commercial products to produce PRP have been introduced to the market and tested as
well [18-20]. Since the quality and functionality of PRP are strongly dependent on the protocol
used for its preparation, however, the wide variations in the reported conditions to prepare
PRP, such as centrifugal acceleration and time, amount of volume of blood, and the type of
anticoagulant platelet agonist, make it very difficult to compare the subsequent results fairly.
Thus, a systematic relation between the preparation condition and the concentration of plate-
lets (and/or white blood cells) is sorely required to clarify the clinical benefits (biological
effects) of PRP. This issue is considered to be much more significant from the fact that the
recovery rate of platelets from the commercial automated system, typically of high cost, is rela-
tively lower (about 40-60%) than expected.

In general, a PRP preparation involves sequential steps of blood collection, centrifugation
to separate and recover the platelets, and activation of the platelets. The centrifugation step,
which is the main interest of the present study, consists of the first stage to separate red blood
cells (RBCs) and the second one to concentrate platelets [15-17, 21]. As shown in Fig 1, a
whole blood (WB) is initially collected in a tube (with anticoagulants) and the first centrifuga-
tion is carried out at a constant speed to separate the RBCs from the whole blood. After this
process, the WB is separated into three layers: an upper layer that is mostly occupied with
plasma and platelets, an intermediate thin layer including a small amount of platelets and
white blood cells (WBCs), and a bottom layer where most of the RBCs is packed. A typical
PRP is usually obtained by transferring the upper and intermediate layers to an empty tube.
The second centrifugation is then applied to concentrate the platelets and WBCs in the PRP.
Thus, it is evident that the final properties of the PRP and efficiency of the whole procedure
are strongly subject to the centrifugal conditions such as time (f.) and speed (or centrifugal
acceleration, a,) [16, 22], not to mention the influence on the maximized recovery of intact
platelets (and/or WBCs).

As we have mentioned above, many previous studies have tried to find out the optimal con-
dition of centrifugation for maximizing the recovery of platelets during PRP preparation [14-
16, 21-24]. For example, Slichter & Harker (1976) [22] showed that the single-step centrifuga-
tion of WB at a centrifugal acceleration of a, = 1,000g (g is the gravitational acceleration) for
t. = 9 minutes provides the maximum recovery rate (up to 89%) of platelets. It was also
reported that the shorter centrifugal time could be achieved by applying higher acceleration
while the platelet viability is reduced significantly when the acceleration becomes greater than
3,000¢, being applied for 20 minutes. Kahn et al. (1976) [14] explored the most efficient set of
centrifugal conditions at relatively higher accelerations (a, = 1,614¢-3,731g). They showed that
the recovery rate of platelets does not appreciably increase when the spin time is longer than 8
minutes and the applied acceleration is larger than 2,324g. Considering the loss of platelet
integrity together, thus several studies [15, 16, 21, 23] recently reported optimal centrifugation
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Fig 1. Two-step process of centrifugal separation of the whole blood in a tube for the preparation of platelet-rich plasma (PRP).

https://doi.org/10.1371/journal.pone.0187509.9001

conditions at relatively smaller accelerations (a. < 1,000g) to achieve the maximum recovery
of platelets from the first stage of spin. Unfortunately, it is found that the results from these
studies are inconsistent with each other and show a wide scattering in the optimal centrifugal
conditions and the achievable recovery of platelets. Araki et al. (2012) [15], for example,
obtained 80%-90% maximum recovery rate of platelets with a, = 230g-270g and ¢, = 10 min-
utes, while Amable et al. (2013) [23] reported about 87.7% platelet recovery rate with a, = 300g
and f, = 5 minutes. Jo et al. (2013) [16] achieved a quite high platelet recovery rate of 92% at
a.=900g and f. = 5 minutes, and Perez et al. (2013) [21] obtained about 80% maximum recov-
ery rate of platelets with a. = 100g and . = 10 minutes. On the other hand, it is also necessary
to solidify our understanding on the dependence of WBC recovery on centrifugal conditions,
in addition to clearing the clinical role of WBCs [9]. Araki et al. (2012) [15] obtained about
25% recovery of WBCs and 70%-80% of platelets with a. = 70g and . = 10 minutes. Perez et al.
(2014) [24] showed the maximum recovery of WBCs (~ 10%) and platelets (~ 80%) with a. =
100g and ¢, = 10 minutes. It is noted that they all showed the recovery of WBCs is reduced to
almost zero when the centrifugal acceleration is larger than about 800g.

Now, it is clear that the widely scattered centrifugal conditions and resulting recovery of
platelets and WBCs in PRP make it necessary to develop a universal protocol to optimize the
PRP preparation method, which can be benefited significantly from a systematic analysis
based on a physical theory underlying the separation process, i.e., multiphase flow phenomena.
Considering the plasma and platelets (and/or WBCs) as continuous and dispersed phases,
respectively, it is possible to utilize our knowledge in particle sedimentation. Perez et al. (2013)
[21], sharing the same idea as ours, suggested a mathematical model to predict the recovery of
platelets, based on the Stokes’ law that describes a settling velocity of a single spherical particle
in an unbounded environment. While the effect of backflow of the cell suspension has been
included in their model, we think that more improvements are required to consider the
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influences from particle-particle interactions and other operating conditions such as confined
tube geometry and initial volume of whole blood.

Therefore, in the present study, we propose a new theoretical model to predict the recovery
rates of the platelets and WBCs in PRP prepared by spinning whole blood contained in a tube.
To solidify the physical background of the developed model, we apply the kinematic wave the-
ory to estimate the volume fractions of each phase, i.e., plasma, platelets and WBCs, as a func-
tion of centrifugation time, acceleration, tube geometry, and the initial state of whole blood.
To achieve this, we also perform a dimensional analysis to decide principal non-dimensional
parameters that determine the recovery rate. The proposed model is applied to a wide range of
parameters including volume of WB, hematocrit (volume fraction of RBC in WB), centrifugal
time and acceleration, which is at the same time fully validated with available experimental
(human clinical) data. Further discussions on the dependency of PRP composition on various
parameters are given, and the results found in this study are expected to formulate practical
guidelines for optimizing the PRP preparation.

Establishment of theoretical model
One-dimensional kinematic wave for the centrifugal sedimentation

In the present study, we start from the idea that the packing of RBCs and WBCs at the bottom
of the tube during the centrifugal separation of a whole blood can be considered as a centrifu-
gal sedimentation of particles (dispersed phase) in a liquid (continuous phase). Especially, the
one-dimensional kinematic wave theory is a very useful tool for our analysis, which is well
known for its capability to determine gradient of particle concentration (i.e., interfaces
between supernatant, suspension and sediment) in a tube [25-30]. Here, we consider the
RBCs, WBCs and platelets as spherical solid particles of uniform diameter (dgpc, dwpc, and
dprr, respectively) and density (prpc, pwao and pprr, respectively), and the plasma as a liquid
phase (density, pp,; and dynamic viscosity, pyis). In Fig 2A, we have illustrated the present
problem of spinning (at a constant angular velocity of w) a tube that contains an incompress-
ible mixture (i.e., initial whole blood, WB) of solid and liquid phases. Considering that a typical
centrifugal acceleration (acting along the r-direction) applied for the blood separation is as
large as O(10>-10%)g, the effect of gravitational field acting in z-direction is assumed to be neg-
ligible, and thus the particle movement along r-direction (i.e., one-dimensional motion) is
considered to be dominant [26, 28, 29]. For the shape of tube bottom, we consider a flat
geometry, simplifying that of a typical plain tube used in common [16]. As we will explain
below, our prediction model can be applied to different tube geometry, i.e., the effect of tube
geometry can be evaluated, and thus additional tube bottom shape is considered for the com-
parison (Fig 2B).

Now, we will constitute the mass and momentum conservation equations for the present
problem. For a one-dimensional solid-particle suspension in a long tube, like the present case
shown in Fig 2A, the unsteady continuity (mass conservation) equations for solid phase and
mixture of liquid-solid phase are written as:

Ou 0

2T s 1
ot Or 0 (v

and

% _y

or ’ @)

respectively, where a(t, r) is the volume fraction of the solid phase (i.e., particle concentration),
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Fig 2. Definition of modeled problem. A: One-dimensional description of centrifugal sedimentation of
particles in a rotating tube with a constant cross-sectional area. After spinning for a certain time duration, the
concentration zones are classified as a clear liquid (a = 0), the retarded settling zone (0 < a < a,,,4) and the
packed bed (bottom layer) (a = a,,4x)- Here, a is the volume fraction of solid phase, a,.x is the maximum
concentration of the solid phases (or particles) in the packed bed, L indicates height of solid-liquid mixture, D
is diameter of the tube and R’ is distance between the center of rotation and tube bottom. /,,- sand I5 - 4
denote the position of the interfaces between supernatant/suspension and suspension/sediment,
respectively. B: Two types of tube geometry considered in the present study.

https://doi.org/10.1371/journal.pone.0187509.9002

j(t, 7) and j (¢, ) denote the volume flux density [ms™'] of liquid-solid mixture and solid phase,
respectively. Total volume flux density is then calculated as the sum of solid (j) and liquid (j;)
volume flux densities. Based on drift-flux model [31], the volume flux density of a solid phase
in the reference frame moving at the volume flux density (j) of liquid-solid mixture, that is the
drift flux jg, is expressed as:

jsl = OCVS - (Xj, (3)

where v(t, ) denotes the velocity of a solid particle. Since the volume flux density j; is related
to the concentration « such as v, = j/a, then the Eq 3 can be rewritten as:

jsl :js - OCj. (4)

Considering that the settling velocity of a particle should change along the r-direction, on the
other hand, the momentum conservation equation for the solid particle motion relative to liq-
uid phase can be reduced to a relationship between the drift flux (jy) and the settling function
that is associated with the concentration «, as shown below [26, 28]:

Ja = r?fbk(a)' (5)

Here, the function fyx(r) is defined as a Kynch batch flux density function [28] that describes
the effect of existence of adjacent particles (i.e., effects from multiple particles are considered)
on the settling (terminal) velocity of a single particle (u..) through a stationary liquid, deter-
mined by the Stokes’ law such as u_ = (p, — p,)d’g/18y, (subscripts ‘s’ and I’ denote solid
and liquid phase, respectively), where p and u denote the density and viscosity, respectively,
and d; is the size of the particle. That is, it accounts for the retarded settling due to the
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interactions between particles and a backflow from the bottom of the vessel. For the function
fok> we use the well-known Richardson-Zaki model [32], which has been widely used to similar
problems to the present one [26, 28, 31]. The actual model is given as:

—u oa(l—o)" for0<a<o,,
o = : (6)

otherwise

where m is an index (or exponent) that is a function of the particle Reynolds number (Re,) [31,
32]. For a spherical solid particle, m = 5 is typically used when Re,, is smaller than 0.2 [26]. For
the present study, the particle Reynolds number (for RBCs and WBCs) is Re, ~ O(107-107").
This function also indicates that the settling is terminated at a limiting value of @ = @5, Which
is the maximum concentration of particles in the packed bed, i.e., in the bottom layer (see Fig
2A). In the present analysis, we use the maximum concentration value of @, = 0.8, consider-
ing the deforming property of the blood cells [27, 29, 33].

As introduced above, Perez et al. (2013) [21] also suggested a theoretical prediction of cell
recovery, based on the modified settling velocity of a particle under centrifugation. They have
corrected the settling velocity (u.,) of a single particle (i.e., RBC) to consider the effect of back-
flow as:

U, = Kuso(]' - uBL)/aBU (7)

where K (= 4.87) is a constant and ap; indicates the concentration of RBCs in the bottom
layer, whose value was determined based on the conservation of RBC concentration between
the WB and bottom layer in their study. Therefore, this approach has a limitation such that the
value of constant K needs to be found for each condition. Furthermore, unlike the present
model, the effect of particle interactions was not been explicitly included in this model.

By substituting the Eqs 4 and 5 into the continuity equations (Egs 1 and 2) while imposing
j=0atr=R, (due to the closed bottom wall of the tube, see Fig 2A), we obtain

% +% (r%fbk(oc)) =0. (8)

This is further non-dimensionalized by introducing the dimensionless variables of r* = r/R,,
fi = fu/u, and t* = tw’u,./g. Now, the final dimensionless form of our governing equation
for the particle concentration is expressed as:

Oa.
ot*

(v fale) =0, ©)

which is a first-order quasi-linear partial differential equation that describes the centrifugal
particle sedimentation. Instead of using the method of characteristics [26, 30], we solve the
governing Eq 9 numerically to determine the positions of the interfaces between supernatant/
suspension (I,, _ ;) and suspension/sediment (I, _ ;) (Fig 2A). Actually, the analytical solution
for Eq 9 is not in a completely explicit form and requires numerical integration as well, which
is furthermore known to be highly dependent on the range of initial condition (particle con-
centration) [34]. Thus, being free from any constraints, we decided to get the solutions numer-
ically for a wide parameter (initial condition) range. As a result, after spinning for certain time
duration, it is possible to distinguish the concentration zones such as a clear liquid (¢ = 0),

the retarded settling zone (0 < a < a,,,,,) and the packed bed (bottom layer) (& = @,,4x). TO
numerically solve the Eq 9, on the other hand, we use the modified upwind finite difference
method [35] and the Engquist-Osher scheme [36] for extrapolating the flux density function.
The details of the applied numerical algorithms are explained in elsewhere [35]. For our
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Fig 3. Temporal changes of RBC and WBC concentrations (a) in radial distribution inside the straight tube with centrifugal time
(t;), predicted by one-dimensional unsteady particle sedimentation equation (Eq 9). Considered centrifugal acceleration is a, =
1,000g, the maximum RBC concentration is a,,,x = 0.65, and the initial RBC concentration in the whole blood (i.e., Hematocrit) is a, = 0.4. In
the graph, the solid lines denote iso-concentration lines of RBC. Also, the iso-concentration lines of WBC under the same centrifugal and
initial conditions as RBC are shown together (blue dashed lines) for comparison.

https://doi.org/10.1371/journal.pone.0187509.9003

simulation, total 200 grid points (Ar = 0.005R,) are uniformly distributed along the r-direction
and the time steps of At = O(10) are used, determined by the CFL stability condition.

Fig 3 shows the typical distribution in the RBC concentration in a straight tube with the
centrifugation time (¢.), obtained by solving Eq 9, which is represented by the iso-concentra-
tion lines. Also, the WBC concentration distribution (see below for the method to predict it)
under the same centrifugal condition is shown together. Here, it was assumed that the liquid-
solid mixture is composed of plasma and RBCs (or WBCs) only (the maximum and initial con-
centrations of RBCs are chosen to be @, = 0.65 and @, = 0.4, respectively), and the applied
centrifugal acceleration is fixed as a, = 1,000g. The considered tube geometry, initially filled
with the mixture of plasma and RBCs up to L, is also shown together in Fig 3. As we have
explained above, it is now possible to determine the interfaces between regimes with different
RBC concentrations. For example, after the tube is spun for 100 seconds, three distinct inter-
faces are detected depending on the variation in RBC concentration (Fig 3). In particular, for
the case of monodisperse biosuspension like the present plasma-RBCs mixture in a tube, an
upper layer (so-called PRP) consisting mostly of plasma can be determined in terms of the
interface (I, _ ;) between the region without any RBCs (pure plasma) and that with RBCs.
Thus, the recovery rate of the plasma (E,,;) is calculated by [14, 21]:

VUL

Ewi=v—F—7> 10
o VWB(l_H) ( )

e

where Vyr(= (L - I, _ ()A) is the volume of the upper layer (A: cross-sectional area of tube (=
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minutes and 9 mL, respectively.
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nD*/4) and L: height of mixture), and V5 and H, denote the volume of whole blood and
hematocrit, respectively. While the Eq 10 was derived from the reasoning that RBCs take up
about 99% of the total cells in WB [21], it is also clear that the upper layer, typically called as a
PRP in practical centrifugal separations, contains platelets as well as plasma. This is because
the platelets, whose nominal size and density is about 1.0 ym and 1,050 kg/m’, which are much
smaller than those (8.0 um and 1,125 kg/m’) of RBC, would not migrate further to the tube
bottom. Therefore, it would be possible to draw the relation between the recovery rate of plate-
lets (Ep;r) and that of plasma (E,,,), which will be discussed in the next section. In the above
formulation, we have approximated the blood cell as a rigid sphere to calculate the settling
velocity (us.) of a particle (Stokes’ law). As is well known, this assumption has been used
widely by previous studies on the centrifugal cell separation (or elutriation) [21, 27, 29, 37-40].
In these studies, they modified the viscosity, density or the relative velocity of particles to com-
pensate the uncertainties that may arise due to assuming blood cell as a sphere. For the same
purpose, actually, we have used the modified settling velocity model by using the flux density
function [32] (Eq 6). Due to the difficulty in the direct evaluation the assumption, instead we
compare the volume of serum (i.e., the upper layer in Fig 3), Vip = (L — I, _ ()A, that is used to
determine the recovery rate of plasma (Eq 10), obtained from experiment [16] and our predic-
tion for the hematocrit range of H, = 0.37-0.4. As shown in Fig 4, the Vy;’s both from experi-
ment and prediction show a good agreement each other, indicating that the assumption
spherical particle is reasonable. On the other hand, it was reported that the density of red
blood cell (prpc) tends to vary during in vivo aging [41]. However, we have confirmed that the
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position of interface betweeen phases (I,, _ ;) changes only about 1% with the reported range of
density variation.

For the estimation of the recovery of white blood cells (WBCs), on the other hand, we start
from the assumption that the particle-particle (i.e., RBCs-WBCs) interaction would be weak
during the centrifugation, since the amount of WBCs is much smaller than that of RBCs.
Then, the interface between pure plasma and WBC-dominant layer (I,,1y), and that between
WBC-dominant and RBC-dominant layers (I, _ ) is also determined by solving the governing
equations (Eq 9) for WBCs and RBCs, separately. The exemplary locations of both interfaces
that can be detected from the present approach are shown in Fig 3. It is again noted that the
actual functionality of having WBCs in PRP is not the issue of present study. As a result, the
recovery rate of WBC (Eyypc) is simply obtained by

I —1.,)A
EWBC — CW( n—s pW) ,
ﬁo VWB

(11)

where c,, is an empirical coefficient with an order magnitude of O(107>~10"2), introduced
from previous studies of Sartory (1977) [42] and Berres et al. (2003) [43], and f3, (= 0.01) is the
typical initial volume fraction of WBC in WB [44].

Correlation model for platelet recovery rate

As we have explained in previous section, it is necessary and possible to draw a correlation
between the recovery rates of platelets and plasma. Indeed, Brown (1989) [38] has claimed that
the recovery rate of platelets is linearly proportional to that of plasma during centrifugal cell
separation, i.e., Ep;1/Epjqs = constant (~ 1.0). Based on the theory of scales of measurement
(45, 46], on the other hand, the quantity E,;,; and Ep;r are classified as the ratio scale-types,
and the admissible relation between the independent quantity E,;,; and dependent quantity
Eprr can be expressed as a product form of

Epyr (Eplas)a =b. (12)

For conveniences, logarithmic form of Eq 12, a log(Epjas) + 1og(Ep.r) = log(b) is usually used,
and a is a constant that is independent on any other quantities while b is dependent on other
quantities. So the correlation model by Brown (1989) [38] corresponds to the case of a = -1
and b = 1 such that log(Ep;1/Epss) = 0, indicating that the ratio of recovery rate of platelets to
plasma is independent on any other variables. While gathering and analyzing the actual clinical
data [14-16, 21, 23] available in the literature, however, we found that the above relation is not
always valid. Fig 5 shows the scattering of actual values of log(Ep;1/Epias) gathered from the
above literatures together with that of Brown (1989) [38]. Considering the fact that the ranges
of centrifugal time and acceleration, tube geometry, and the initial condition of tested blood
are widely different between the referred studies, we think it is quite necessary to draw a more
reliable (i.e., applicable to a more wide range of conditions) model to correlate the platelet
recovery rate to that of plasma.

To achieve this, we first perform a dimensional analysis, i.e., Buckingham Pi-theorem [47,
48]. Based on our physical intuition and results from previous studies, it is reasonably deduced
that the recovery rate of platelets (Eprr) is determined by various variables as shown:

Epyr =f(A,Liu, U, t,V, E,.). (13)

00? Yot ey Uty Tplas

Here, u_ = (p, — p,)d’¢/18y,and U, = (p, — p,)d?(w’R,) /18y, are the terminal (settling)
velocity of a single particle under the gravitational and centrifugal accelerations, respectively,
and V, is the volume of the tube. The above functional form also indicates that log(Ep;1/Ejpjas)
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should be expressed as Eq 14, rather than being a constant of 0 as suggested by Brown (1989)
[38].

log<EPLT> =f(A,Lyu,,U,t,V,). (14)
Eplus

Here, the centrifugal time (), cross-sectional area of the tube (A) and the initial volume of
whole blood (AL) are considered as fundamental kinds of units [47] based on their physical
importance in the relation. To constitute dimensionless groups (i.e., IT’s) with a physical domi-
nance using Buckingham’s Pi-theorem, first of all, we need to classify the variables in Eq 14
into primary and repeating ones, respectively. Since the major goal of present model is to opti-
mize the centrifugal parameters and initial conditions in PRP preparation, it is reasonable to
consider V,, U, and t, as variables of interest, while taking A, L and u,,, as repeating variables.
Thus, from Pi-theorem, we can derive four IT’s as:

E t, U, R,
1_[1 = lOg( PLT) H = AL H3 == L—/u 7H4 = u— = g s (15)

‘plas 00
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where I1; denotes the recovery rate ratio of platelets to plasma, I, is the volume fraction of
WHB relative to the tube capacity, I1; shows the characteristic time scale, and Il explains the
ratio of centrifugal acceleration to gravitational one (g), respectively. Consequently, a general-
ized correlation between Pi-groups based on a power function is expressed as:

IT, = ¢ (H2)62 (Hg)eg’ (HJ,)EVV1 + 6 (16)

where the coefficients (c; and ¢,) and exponents (e,, e; and e,) are determined through the
regression method with existing experimental data. In the present study, we used the experi-
mental data of Araki et al. (2012) [15], Jo et al. (2013) [16], and Perez et al. (2013) [21], in
which all the information necessary to complete the above relation was available (the valida-
tion will be discussed later). That is, as shown in Fig 6, we plotted the variations of I'; with
ILII,I1, for the available experimental data from different conditions and they collpse into a
single linear function of IT; = —0.0122I'LIT5I1, + 0.5128. As a result, the equation between Pi-
groups is established as:

I1, = —0.0122I1,IL,IT, + 0.5128. (17)

As shown, all the exponents are 1.0, which indicates that the logarithmic ratio of Ep1 to Epja
has a linear relationship with the dimensionless variables (I1,, I1; and I1;) when any two of
them is fixed. Finally, the correlation model between Ep;; and Ej,; is obtained as:

E % t ’R
HL = 1.67exp (—0.0122—‘ C—— w—) (18)

‘plas AL L / Uy 8
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As noted, this correlation describes Ep;1/E,4 as a function of the whole blood volume, centrif-
ugal time and acceleration, with which the platelet recovery rate (Ep;r) can be determined
once the recovery of plasma (E) is obtained by solving the Eq 9.

To further discuss the reliability of our model, we have compared the values of Ep;1/Ejpjas
measured under different conditions [15, 16, 21] in Fig 7 with our predictions where each clin-
ical environment has been fully incorporated. It is found that for each data set, the recovery
rate ratio shows an exponential decay with increasing centrifugal acceleration, which agrees
well with our model. Furthermore, the decaying rate strongly depends on the centrifugal time
(t.) and whole blood volume (Vyy3). As the centrifugation time increases while fixing Vyyp, for
example, the decaying rate becomes much faster; however, the increase of V5 (with a fixed t,)
would reduce the rate. This shows that we may obtain a high Ep;1/E,,s with a short centrifuga-
tion time or large blood volume with the same centrifugal acceleration, and there should be
an optimal combination of controlled parameters to maximize the recovery rate of platelets.
Later, we will discuss this condition in detail. Finally, we would like to emphasize that it was
not possible to capture all these features with the previous correlation model by Brown (1989)
[38], but our new model can successfully explain the physical details involved in the centrifugal
separation of blood cells.

Determination of the parameter ranges

To cover various conditions in practice, a range of parameters such as volume of whole blood
(WB), tube geometry (e.g., cross-sectional area), hematocrit (volume fraction of RBCs in WB)
and centrifugal condition (centrifugal time and acceleration) are considered in the present
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study. The initial volume of WB is varied as 3.5, 7.0 and 9.0 mL, based on the actual experi-
ments by Perez et al. (2013) [21], Araki et al. (2012) [15], and Jo et al. (2013) [16], respectively,
while the typical tube geometry such as A = 120 mm” and V; = 15 mL is considered. The dis-
tance between the center of rotation and tube bottom is R, = 150 mm. To investigate the effect
of tube geometry, we additionally consider the conical bottom shape as well (Fig 2B). We vary
the hematocrit in the range of H, = 0.37-0.52, reflecting the difference between individuals
(e.g., difference between male and female) and also the maximum concentration of RBCs due
to packing at the tube bottom is limited by defining @,,,,, = 0.80, caused by the deformation of
the blood cells [27, 29, 33]. This o, is defined such that the flux through the interface border-
ing the packed bed saturates to zero and for biosuspensions (such as RBCs) it has been set to
be 0.8 [27, 33, 49]. Finally the ranges of centrifugal time and acceleration are determined based
on the typical values used in clinical practices; so that the centrifugal time is varied as t, = 2-15
minutes and the centrifugal acceleration covers the range of a, = 100g-1,500g (g = 9.81 m/s*)
[14-16, 21-24, 50].

In predicting recovery rates of cells during centrifugation, in addition, we consider realistic
properties of blood cells. For example, the size and density for RBC, WBC, and platelet are set
to be drpc =8 um, prpc = 1,125 kg/m3; dwgc =10 um, pypc= 1,065 kg/m3; and dprr =1 um,
pprr = 1,050 kg/m’, respectively. For plasma, the density and viscosity are used as p,q; = 1,032
kg/m® and i, = 1.0 mPa - s, respectively [38, 51].

Results and discussion
Comparison between prediction and experimental data: Validation

In this section, we will compare the predicted recovery rates of platelets and WBCs with the
experimental data available in the literature. Fig 8 shows the variation of the recovery rates of
platelets (Ep;7) with centrifugal acceleration (a, = w’R,) for three cases of Vyyp = 3.5, 7.0 and
9.0 mL, while the centrifugal time is fixed as f. = 10 minutes. Here, the compared experimental
data were adopted from three different studies [15, 16, 21], indicating that they were obtained
under different environments that were reflected in the prediction with the present model.
Although almost all information to run our model were available, the exact value of hematocrit
(H,) was not specified and thus we used its typical range of H, = 0.37-0.52, of which the
boundary is shown as dashed and solid lines in each plot in Fig 8. It is clearly shown that the
present model predicts the dependency of Ep;r on the centrifugal acceleration pretty well; in
particular, the critical centrifugal acceleration (i.e., the spinning speed of centrifugation) for
the maximum Ep;7 matches well with the experimental data. As a smaller volume of whole
blood is used, the maximum Ep;7 achievable from the centrifugation is reduced, while the crit-
ical centrifugal acceleration decreases as well. In the following sections, we will discuss the
effects of these principal variables in detail. On the other hand, the predicted Ep; shows a
slight deviation from the experimental data for the centrifugal accelerations smaller than about
100g (see Fig 8B, for example). This is because the contribution of the gravitational accelera-
tion would not be negligible as the centrifugal acceleration becomes smaller [26, 30]. In formu-
lating our model, we ignored the effect of gravitational force that acts along the direction
perpendicular to the sedimentation direction (see Fig 2A).

In Fig 9, we also validated the accuracy of predicted recovery rates of WBCs (Eq 11). Unlike
the case of platelet recovery, less experimental data were available for the inclusion of WBC’s
in PRP and single data set from Araki ef al. (2012) [15] was compared in the present study.
This is because the separation and recovery of WBCs during PRP preparation has not been
paid attention much due to the controversy about the clinical role of WBCs in PRP [9]. In the
figure, the solid lines denote the boundaries of the predicted Eyypc for the range of coefficient
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¢,y (107°-1072) [42, 43]. It is found that our prediction captures the same trend of varying
Eypcaccording to the centrifugal acceleration; in particular, the critical acceleration to achieve
the maximum recovery of WBCs agrees well with the experimental data. Similar to the platelet
recovery, the deviation between our prediction and experiment becomes larger at smaller cen-
trifugal acceleration (< 100g). To our best knowledge, this is the first attempt to predict the
recovery rate of WBCs in PRP preparation and the results are quite promising.

Effects of centrifugal conditions on the recovery of blood cells in PRP

Now, we discuss the effects of centrifugal conditions (i.e., time ¢, and acceleration a.) on the
recovery rates of platelets (Ep;r) and WBCs (Eyypc) based on the theoretical predictions devel-
oped in the present study. Shown in Fig 10 are the variations of the averaged (for the ranges of
H,=0.37-0.52 and c,, = 10°-1072, respectively) recovery rates of platelets and WBCs with
varying f. and a.. The maximum concentration of blood cells is set as a,,,,, = 0.8 and V=9
mL is considered. When the spinning speed increases with a fixed time, both Ep; and Eypc
increase sharply to approach the maximum value and then decreases relatively slowly. This
dependency on centrifugal acceleration can be also found in the recent experimental studies

14/25
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[15, 16, 24], but they considered a single value of ¢, while our predictions make it possible to
perform a parametric study. As shown in Fig 10A, when ¢, is as small as 2 minutes, Ep;
increases slowly and does not reach the maximum even with the acceleration as large as a. =
1,500g. This is because the centrifugal time is not long enough to separate the plasma and
RBCs successfully. As ¢, increases, the slope of increasing Ep;r becomes steeper and a larger
recovery of platelets (over 80%) is possible at a critical g, that tends to get smaller as the centri-
fugation is performed longer. This information would provide us a good strategy to achieve
the maximum platelet recovery by optimizing the condition for practical application. For
example, the critical a. becomes as small as about 350g at ¢. = 12 minutes, which will be very
helpful in maintaining the platelet integrity [14, 22, 24] as well as maximizing the platelet
recovery. Interestingly, the maximum recovery rate of platelet achievable at each critical a,
does not change much with varying ¢., which may indicate that the maximum Ep;; depends
on the other conditions such as hematocrit, whole blood volume and tube geometry rather
than the centrifugal time and acceleration (details will be discussed below).

Fig 10B shows the effects of centrifugal conditions (¢, and a.) on the recovery rate of WBCs
(Ewac)- The general trends of Eyypc with . and a, are similar to those of Ep;7; that is, with
increasing a,, Eyypc increases to the maximum at a critical a,, and then decreases back. The
slope of Eyypc change with a, and the critical a, show similar variations with those of Ep;r, and
the maximum Eypc is maintained constant despite varying centrifugal conditions. On the
other hand, it is noted that the critical a, to achieve the maximum Ey is smaller than that for
the maximum Ep;7, which agrees with the experimental data of Araki et al. (2012) [15]. This is
because the time (velocity) scale of the platelets is much smaller than that of WBCs due to the
large difference in their sizes and densities. Again, we think this is one of advantages of our
theoretical model to capture this difference accurately.
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After the feasibility of our model is confirmed, we will discuss more on the details of our
model. First of all, to understand this discrepancy between the present model and Brown’s
assumption [38], it would be meaningful to collect the estimated recovery rates of platelets and
plasma as a polar plot, as shown in Fig 11. The data set shown in the figure includes the cases
of t.= 2,5, 10, and 15 minutes with a. = 100g-1,500g. It is interesting to see that all the col-
lected data collapse into a single parabolic curve. As we have introduced above, Brown (1989)
[38] has proposed that the polar plot between Ep; 1 and Ejj,s has a linear correlation, which
actually corresponds to the regime before the maximum Ep; 7 is achieved (Fig 11). That is, in
our analysis, Ep is found to increase almost linearly with increasing E,j,; until it reaches the
maximum. Thus, we may imagine that the Brown’s result has been established based on the
incomplete data set. After the maximum Ep;r is achieved, it begins to decrease with further
increase of a ; on the other hand, E,, steadily increases. In spite of different centrifugation
times, the collapse of the data into a single curve indicates that the maximum Ep;7 and the cor-
responding Ej,, are maintained the same. This suggests that there exists a critical E,,;, deter-
mined by the volume of the upper layer, so-called PRP, in which the amount of recovered
platelets is maximized. It is again shown that E,,, increases with increasing ¢, which would
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reach the critical E,j,, at lower a,, indicating that the critical a. for the maximum Ep;
decreases with increasing t,.

Effects of whole blood volume, hematocrit and tube geometry

The recovery rate of blood cells would be also strongly influenced by the conditions such as
the volume of whole blood, hematocrit, and tube geometry. Fig 12 shows the variations of Eprr
and Eypc with a, (¢, is fixed as 10 minutes) while varying the volume of whole blood as Vg =
3.5-9.0 mL and hematocrit as H, = 0.37-0.52. First of all, the effect of V5 on the averaged
(for the range of H, = 0.37-0.52) Ep;r and Eyypcis plotted in Fig 12A and 12B. When Vs as
small as 3.5 mL, Epr reaches the maximum ( ~ 63%) at a very low centrifugal acceleration of
120g that is close to the optimal a, of 100g measured by Perez et al. (2013) [21] who used the
same V5. On the whole, with increasing Vi, the maximum achievable Ep;; and corre-
sponding critical a. tend to increase (Fig 12A). Thus, even considering the limited capacity of a
tube (typically 15 mL in real applications), it is recommended to collect more blood to maxi-
mize the recovery rate of platelets. The recovery of WBCs shows a similar trend such that the
maximum Eyypc (and critical a.) increases as Vyyp increases (Fig 12B). As we have shown in
Fig 10, the magnitude of Ep;y is usually higher than Eyy ¢, which has been measured in previ-
ous experimental studies [15, 21], as well. This is because not only do WBCs have a very small
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(< 0.01) initial volume fraction, but they also exist in a thin intermediate layer in PRP such
that it is easy for them to be lost into the packing bed of RBCs. Finally, it should be again noted
that the critical a. for the maximum Ey ¢ is not the same as the one for the maximum Ep; 7,
which is useful to choose the most efficient set of centrifugal conditions at a given clinical
condition.

Shown in Fig 12C are the variations of Ep;r with a, for three difference cases of hematocrit
as H, = 0.37, 0.45 and 0.52. Again, these values of hematocrit were chosen to reflect the varia-
tions in real human data [52]. Other parameters are fixed as Viyp = 9 mL and ¢, = 10 minutes.
As H, increases, the maximum Ep; decreases significantly while the corresponding critical a.
increases. In this sense, it would be helpful to have a smaller volume fraction of RBCs in the
whole blood to have more platelets in PRP, which explains the reason why previous studies
have diluted the blood before centrifugation [17, 21]. Similarly, the maximum Eyyp¢ and the
corresponding critical a. are predicted to increase and decrease, respectively, as the initial vol-
ume fraction of RBCs decreases (Fig 12D). As shown, the change rate of Eyypc with a, near the
maximum peak becomes much steeper as H, decreases, indicating that the Eyypc is more sensi-
tive to a, at lower H,. Therefore, we may imagine that controlling the separation and recovery
of WBCs in PRP would be very difficult in the actual clinical environment.

Finally, to compare the effect of bottom shape of tube (flat bottom as a reference), we have
additionally tested the conical bottom shape, which has been adopted from the shape of BD
Falcon conical tube that is widely used in the actual clinical test. Typically, the height of conical
part is about one fifth of the total length and the diameter of upper base has one quarter of the
diameter of the tube. In the present study, the conical shape with the height of 0.2R, (R,, dis-
tance between the center of rotation and tube bottom) and the diameter of upper base of
0.25D (D, width of the tube) has been considered (see Fig 2B). Fig 13 shows the effect of tube
geometry (i.e., flat and conical shapes at the bottom) on Ep;r and Eyypc, while we vary H, as
0.37 and 0.52 with Vi = 9.0 mL and ¢, = 10 minutes. In general, the overall dependency of
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Eprr and Eyypc on a, is not affected much by varying the cross-sectional area of tube bottom;
however, the maximum achievable Ep; and Eyypc (and corresponding critical a,) have
changed. Compared to the flat type, the conical type produces smaller maximum recovery of
blood cells and the corresponding critical centrifugal acceleration becomes larger. For exam-
ple, for the flat bottom geometry, Ep;y reaches the maximum (~ 100%) at a, = 300g with H, =
0.37, but that of the conical tube has the maximum (~ 98%) at a. = 450g (Fig 13A). As a.
increases toward the critical value, the predicted Ep; 7 (and Eypc) in the flat type is higher than
that in the conical type. Interestingly, after the maximum recovery is achieved, this phenome-
non is reversed at a. between 800g and 900g. To understand the reasons for this (especially
focusing on Ep; ), we perform a scaling analysis based on the Eqs 10 and 18 that were used to
determine the recovery rate of platelets. As shown below, it is possible to draw simple scaling
relations for the change rates of E,j,; and Epyy/Epjss on a..

0 u_t 0 (E Vau_t Vu_t
. E ) ~ o0 ¢ ,— PLT ~ — t"o0"c _ _tT¥c . 19
8ac( ves) ~ (1 —H,) a, <EPW ALz P\ T4 % (19)

Once all variables for centrifugal separation of blood cells are pre-determined, the first relation
shows that O(E,,5)/0a. is a positive constant indicating the gathering rate of platelets in the
PRP. On the other hand, the second relation, a decreasing function of a, in negative values,
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Fig 14. Variation of 9(Ep.1/Epias)/0ac (solid lines) and 0(Ep.s)/0ac (dashed lines) with a. for flat and conical
bottom shapes. Considered parameters are same as those used for the case of H, = 0.52 in Fig 13A.

https://doi.org/10.1371/journal.pone.0187509.g014

denotes the rate of platelet loss to the packed bed regime. Thus, in Fig 14, we have plotted the
variations of above two quantities (in absolute values) for the cases of H, = 0.52 shown in Fig
13A. Here, we can find a few interesting things. First of all, for both bottom shapes, it is shown
that the two ratios cross each other at a. = 800¢-900g (= a.,) which is close to the centrifugal
acceleration where Ep;7’s from both cases are reversed (see Fig 13A). So, it is understood that
the loss of Ep;r would be faster at a. < a., while more platelets will be gathered at a, > a.,. Sec-
ond, the change rates of both Ej,; and Epy1/Epqs with a. are higher for the flat type, compared
to the conical one. Therefore, as shown in Fig 13A, the platelet recovery rate on flat type will be
higher before the above two rates are balanced (i.e., a, < a,,) while the conical one will prevail
ata. > ac,.

Optimization of centrifugal conditions for PRP preparation

In previous sections, the effects of centrifugal conditions, whole blood volume, hematocrit,
and tube geometry on recovery rates of platelets and WBCs have been discussed. Among these
parameters, it is most frequently required to optimize the centrifugal conditions in real clinical
applications. By mapping the predicted Ep;r and Eyypc together, it is possible to provide a sim-
ple guideline to optimize them. For example, Fig 15 shows the contours of averaged (for the
range of H, = 0.37-0.52) Ep;r and Eyypc with g, and ¢, (whole blood volume is fixed as 9 mL
and the flat tube bottom geometry was considered). It is clearly observed that there are two
regions for large Eyypc (> ~ 15%) and Eprr (> ~ 80%), and depending on the target it is fea-
sible to select the appropriate centrifugal conditions. If one wishes to achieve the time effi-
ciency, about 82% Ep; and 10% Eyypc would be obtained at the centrifugal acceleration of
1,500g for a relatively short spinning time of ¢, = 2.5 minutes, or about 70% Ep;r and 15%
Eypcare obtained at a. = 1,200¢ and ¢, = 2.0 minutes. On the other hand, to achieve the
enhanced platelet integrity, it is typically recommended to apply smaller centrifugal accelera-
tion, which will require longer centrifugation time to maximize the recovery rates. For
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example, about 81% Ep;r and 11% Eyypc are achieved at a. = 240g for ¢, = 15 minutes, or about
63% Eprr and 16% Eyypcare at a. = 140g for t, = 15 minutes. In general, it is understood that
the trade-off between the time efficiency and platelet integrity should be considered in practi-
cal applications. In this case, the optimal set of centrifugal conditions consisting of the moder-
ate centrifugal acceleration between 700g-800g and relatively short spinning time (4-5
minutes) would be selected to obtain 80% Ep;r and 12% Ey,pc. Once the important environ-
ments are fully considered in the prediction, such as tube geometry, hematocrit and volume of
whole blood, that may cause the large discrepancy between the optimal centrifugal conditions
reported from previous studies, it is possible to generate this kind of map to select the spinning
time and speed according to the specific cases. We would like to finally emphasize that this
optimization was not possible in previous attempts.

Conclusion

In the present study, challenged by the large discrepancy between the recently proposed opti-
mal centrifugal conditions for platelet-rich plasma (PRP) preparation, we developed a theoreti-
cal model, based on the knowledge in multiphase flow, to predict the recovery rates of the
platelets and white blood cells in the process of centrifugal separation of the whole blood in a
tube for the preparation of PRP. For a range of practical parameters, such as whole blood
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volume, hematocrit and centrifugal conditions (i.e., time and acceleration), the predicted
recovery rates show good agreements with available experimental data. The dependence of the
recovery rate (platelets and WBCs) on centrifugal conditions is found such that there exist the
critical time and acceleration to achieve the maximum recovery of platelets or WBCs. In addi-
tion, the effects of whole blood volume, hematocrit and tube geometry on the recovery rate
have been investigated, confirming that the magnitudes of maximum recovery rates of platelets
and WBCs are strongly affected depending on them. Furthermore, we have shown that the
dilution of whole blood, increase of whole blood volume and extension of cross-sectional area
of the tube are helpful to significantly increase the recovery rate. In view of the real clinical
applications, our predictions can be used as a simple guideline to customize the centrifugal
conditions according to the trade-off between practical issues such as the time efficiency and
platelet integrity. We believe that the present results will explain the reason why the previously
reported optimal conditions show wide scatters, and our model may satisfy the necessity of
universal optimal condition to maximize the recovery of blood cells in PRP preparation, and
will be provide a theoretical background to develop a specially customized (complex, for exam-
ple) tube geometry with a enhanced capability of blood cell separation. Since our major goal
was to predict the concetrnation of platlets (most important blood cell to determine the quality
of PRP), we have used a relatively simple model to predict the WBC concentration. If the clini-
cal role of WBCs in PRP is cleared, however, it would be also important to develop more rigor-
ous model to estimate the WBC concentration in PRP preparation, as a future work.
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