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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 (tc) and speed (or centrifugal

acceleration, ac) [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 ac = 1,000g (g is the gravitational acceleration) for

tc = 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

3,000g, being applied for 20 minutes. Kahn et al. (1976) [14] explored the most efficient set of

centrifugal conditions at relatively higher accelerations (ac = 1,614g–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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conditions at relatively smaller accelerations (ac< 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 ac = 230g–270g and tc = 10 min-

utes, while Amable et al. (2013) [23] reported about 87.7% platelet recovery rate with ac = 300g
and tc = 5 minutes. Jo et al. (2013) [16] achieved a quite high platelet recovery rate of 92% at

ac = 900g and tc = 5 minutes, and Perez et al. (2013) [21] obtained about 80% maximum recov-

ery rate of platelets with ac = 100g and tc = 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 ac = 70g and tc = 10 minutes. Perez et al.
(2014) [24] showed the maximum recovery of WBCs (*10%) and platelets (*80%) with ac =

100g and tc = 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

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.g001
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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 (dRBC, dWBC, and

dPLT, respectively) and density (ρRBC, ρWBC, and ρPLT, respectively), and the plasma as a liquid

phase (density, ρplas and dynamic viscosity, μplas). In Fig 2A, we have illustrated the present

problem of spinning (at a constant angular velocity of ω) 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(102–103)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:

@a

@t
þ
@js
@r
¼ 0 ð1Þ

and

@j
@r
¼ 0; ð2Þ

respectively, where α(t, r) is the volume fraction of the solid phase (i.e., particle concentration),
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j(t, r) and js(t, r) denote the volume flux density [ms−1] of liquid-solid mixture and solid phase,

respectively. Total volume flux density is then calculated as the sum of solid (js) and liquid (jl)
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 jsl, is expressed as:

jsl ¼ avs � aj; ð3Þ

where vs(t, r) denotes the velocity of a solid particle. Since the volume flux density js is related

to the concentration α such as vs = js/α, then the Eq 3 can be rewritten as:

jsl ¼ js � aj: ð4Þ

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 (jsl) and the settling function

that is associated with the concentration α, as shown below [26, 28]:

jsl ¼ r
o2

g
fbkðaÞ: ð5Þ

Here, the function fbk(α) 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 (u1) through a stationary liquid, deter-

mined by the Stokes’ law such as u1 ¼ ðrs � rlÞd2
s g=18ml (subscripts ‘s’ and ‘l’ denote solid

and liquid phase, respectively), where ρ and μ denote the density and viscosity, respectively,

and ds is the size of the particle. That is, it accounts for the retarded settling due to the

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 (α = 0), the retarded settling zone (0 < α� αmax) and the

packed bed (bottom layer) (α = αmax). Here, α is the volume fraction of solid phase, αmax 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. In − s and Is − d

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.g002
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interactions between particles and a backflow from the bottom of the vessel. For the function

fbk, 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:

fbk ¼
� u1að1 � aÞ

m for 0 < a < amax

0 otherwise
;

(

ð6Þ

where m is an index (or exponent) that is a function of the particle Reynolds number (Rep) [31,

32]. For a spherical solid particle, m = 5 is typically used when Rep is smaller than 0.2 [26]. For

the present study, the particle Reynolds number (for RBCs and WBCs) is Rep* O(10−2–10−1).

This function also indicates that the settling is terminated at a limiting value of α = αmax 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 αmax = 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 (u1) of a single particle (i.e., RBC) to consider the effect of back-

flow as:

us ¼ Ku1ð1 � aBLÞ=aBL; ð7Þ

where K (= 4.87) is a constant and αBL 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 (Eqs 1 and 2) while imposing

j = 0 at r = Ro (due to the closed bottom wall of the tube, see Fig 2A), we obtain

@a

@t
þ
@

@r
r

o2

g
fbkðaÞ

� �

¼ 0: ð8Þ

This is further non-dimensionalized by introducing the dimensionless variables of r� = r/Ro,

f �bk ¼ fbk=u1 and t� = tω2u1/g. Now, the final dimensionless form of our governing equation

for the particle concentration is expressed as:

@a

@t�
þ

@

@r�
r�f �bkðaÞ
� �

¼ 0; ð9Þ

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 (In − s) and suspension/sediment (Is − d) (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 (α = 0),

the retarded settling zone (0 < α� αmax) and the packed bed (bottom layer) (α = αmax). 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

Theoretical optimization of PRP preparation
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simulation, total 200 grid points (Δr = 0.005Ro) are uniformly distributed along the r-direction

and the time steps of Δt� = O(10−3) 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 (tc), 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 αmax = 0.65 and αo = 0.4, respectively), and the applied

centrifugal acceleration is fixed as ac = 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 (In − s) between the region without any RBCs (pure plasma) and that with RBCs.

Thus, the recovery rate of the plasma (Eplas) is calculated by [14, 21]:

Eplas ¼
VUL

VWBð1 � HeÞ
; ð10Þ

where VUL(= (L − In − s)A) is the volume of the upper layer (A: cross-sectional area of tube (=

Fig 3. Temporal changes of RBC and WBC concentrations (α) in radial distribution inside the straight tube with centrifugal time

(tc), predicted by one-dimensional unsteady particle sedimentation equation (Eq 9). Considered centrifugal acceleration is ac =

1,000g, the maximum RBC concentration is αmax = 0.65, and the initial RBC concentration in the whole blood (i.e., Hematocrit) is αo = 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.g003
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πD2/4) and L: height of mixture), and VWB and He 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 μm and 1,050 kg/m3, which are much

smaller than those (8.0 μm and 1,125 kg/m3) 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 (EPLT) and that of plasma (Eplas), 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 (u1) 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), VUL = (L − In − s)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 He = 0.37–0.4. As shown in Fig 4, the VUL’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 (ρRBC) tends to vary during in vivo aging [41]. However, we have confirmed that the

Fig 4. Comparison between the predicted and measured variations of volume of serum (VUL) with dimensionless centrifugal

acceleration. �, experimental data for the hematocrit range of 0.37–0.4 [16]. Lines (solid and dashed ones correspond to He = 0.37 and

0.4, respectively) denote the theoretical prediction based on VUL = (L − In − s)A. Centrifugation time and total blood volume are fixed at 10

minutes and 9 mL, respectively.

https://doi.org/10.1371/journal.pone.0187509.g004
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position of interface betweeen phases (In − s) 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 (IpW), and that between

WBC-dominant and RBC-dominant layers (In − s) 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 (EWBC) is simply obtained by

EWBC ¼ cw

ðIn� s � IpWÞA
boVWB

; ð11Þ

where cw is an empirical coefficient with an order magnitude of O(10−3–10−2), introduced

from previous studies of Sartory (1977) [42] and Berres et al. (2003) [43], and βo (= 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., EPLT/Eplas = constant (’ 1.0). Based on the theory of scales of measurement

[45, 46], on the other hand, the quantity Eplas and EPLT are classified as the ratio scale-types,

and the admissible relation between the independent quantity Eplas and dependent quantity

EPLT can be expressed as a product form of

EPLT ðEplasÞ
a
¼ b: ð12Þ

For conveniences, logarithmic form of Eq 12, a log(Eplas) + log(EPLT) = 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(EPLT/Eplas) = 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(EPLT/Eplas) 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 (EPLT) is determined by various variables as shown:

EPLT ¼ f ðA; L; u1;Uo; tc;Vt;EplasÞ: ð13Þ

Here, u1 ¼ ðrs � rlÞd2
s g=18ml and Uo ¼ ðrs � rlÞd2

s ðo
2RoÞ=18ml are the terminal (settling)

velocity of a single particle under the gravitational and centrifugal accelerations, respectively,

and Vt is the volume of the tube. The above functional form also indicates that log(EPLT/Eplas)
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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

Eplas

 !

¼ f ðA; L; u1;Uo; tc;VtÞ: ð14Þ

Here, the centrifugal time (tc), 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., P’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 Vt, Uo and tc as variables of interest, while taking A, L and u1 as repeating variables.

Thus, from Pi-theorem, we can derive four P’s as:

P1 ¼ log
EPLT

Eplas

 !

;P2 ¼
Vt

AL
;P3 ¼

tc
L=u1

;P4 ¼
Uo

u1
¼

o2Ro

g
; ð15Þ

Fig 5. Distribution of the ratio of platelet recovery rate (EPLT) to that of plasma (Eplas) from the experimental data available in the

literature.▼, Kahn et al. (1976) [14]; �, Brown (1989) [38];◻, Araki et al. (2012) [15];4, Perez et al. (2013) [21]; $, Jo et al. (2013) [16]; ^,

Amable et al. (2013) [23].

https://doi.org/10.1371/journal.pone.0187509.g005
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where P1 denotes the recovery rate ratio of platelets to plasma, P2 is the volume fraction of

WB relative to the tube capacity, P3 shows the characteristic time scale, and P4 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:

P1 ¼ c1ðP2Þ
e2 ðP3Þ

e3 ðP4Þ
e4 þ c2; ð16Þ

where the coefficients (c1 and c2) and exponents (e2, e3 and e4) 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 P1 with

P2P3P4 for the available experimental data from different conditions and they collpse into a

single linear function of P1 = −0.0122P2P3P4 + 0.5128. As a result, the equation between Pi-

groups is established as:

P1 ¼ � 0:0122P2P3P4 þ 0:5128: ð17Þ

As shown, all the exponents are 1.0, which indicates that the logarithmic ratio of EPLT to Eplas

has a linear relationship with the dimensionless variables (P2, P3 and P4) when any two of

them is fixed. Finally, the correlation model between EPLT and Eplas is obtained as:

EPLT

Eplas
¼ 1:67 exp � 0:0122

Vt

AL
�

tc
L=u1

�
o2Ro

g

� �

: ð18Þ

Fig 6. Variation ofΠ1 withΠ2Π3Π4 for the available experimental data.▲, from Perez et al. (2013) [21] (VWB = 3.5 mL tc = 10 minutes);

◻, Araki et al. (2012) [15] (VWB = 7.5 mL, tc = 10 minutes); $, Jo et al. (2013) [16] (VWB = 9.0 mL, tc = 10 minutes);5, Jo et al. (2015) (VWB =

9.0 mL, tc = 5 minutes). - - -, linear regression function ofΠ1 = −0.0122Π2Π3Π4 + 0.5128.

https://doi.org/10.1371/journal.pone.0187509.g006

Theoretical optimization of PRP preparation

PLOS ONE | https://doi.org/10.1371/journal.pone.0187509 November 2, 2017 11 / 25

https://doi.org/10.1371/journal.pone.0187509.g006
https://doi.org/10.1371/journal.pone.0187509


As noted, this correlation describes EPLT/Eplas as a function of the whole blood volume, centrif-

ugal time and acceleration, with which the platelet recovery rate (EPLT) can be determined

once the recovery of plasma (Eplas) is obtained by solving the Eq 9.

To further discuss the reliability of our model, we have compared the values of EPLT/Eplas

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

(tc) and whole blood volume (VWB). As the centrifugation time increases while fixing VWB, for

example, the decaying rate becomes much faster; however, the increase of VWB (with a fixed tc)
would reduce the rate. This shows that we may obtain a high EPLT/Eplas 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

Fig 7. Comparison between the predicted and measured variations of EPLT/Eplas with dimensionless centrifugal acceleration. —,

theoretical prediction based on present model;4, experimental data from Perez et al. (2013) [21] (VWB = 3.5 mL tc = 10 minutes);◻, Araki

et al. (2012) [15] (VWB = 7.5 mL, tc = 10 minutes); $, Jo et al. (2013) [16] (VWB = 9.0 mL, tc = 10 minutes);5, Jo et al. (2013) [16] (VWB = 9.0

mL, tc = 5 minutes).

https://doi.org/10.1371/journal.pone.0187509.g007
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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 mm2 and Vt = 15 mL is considered. The dis-

tance between the center of rotation and tube bottom is Ro = 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 He = 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 αmax = 0.80, caused by the deformation of

the blood cells [27, 29, 33]. This αmax 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 tc = 2–15

minutes and the centrifugal acceleration covers the range of ac = 100g–1,500g (g = 9.81 m/s2)

[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 dRBC = 8 μm, ρRBC = 1,125 kg/m3; dWBC = 10 μm, ρWBC = 1,065 kg/m3; and dPLT = 1 μm,

ρPLT = 1,050 kg/m3, respectively. For plasma, the density and viscosity are used as ρplas = 1,032

kg/m3 and μplas = 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 (EPLT) with centrifugal acceleration (ac = ω2Ro) for three cases of VWB = 3.5, 7.0 and

9.0 mL, while the centrifugal time is fixed as tc = 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

(He) was not specified and thus we used its typical range of He = 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 EPLT on the centrifugal acceleration pretty well; in

particular, the critical centrifugal acceleration (i.e., the spinning speed of centrifugation) for

the maximum EPLT matches well with the experimental data. As a smaller volume of whole

blood is used, the maximum EPLT 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 EPLT 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 et 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 EWBC for the range of coefficient
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cw (10−3–10−2) [42, 43]. It is found that our prediction captures the same trend of varying

EWBC according 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 tc and acceleration ac) on the

recovery rates of platelets (EPLT) and WBCs (EWBC) 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

He = 0.37–0.52 and cw = 10−3–10−2, respectively) recovery rates of platelets and WBCs with

varying tc and ac. The maximum concentration of blood cells is set as αmax = 0.8 and VWB = 9

mL is considered. When the spinning speed increases with a fixed time, both EPLT and EWBC

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

Fig 8. Variations of platelet recovery rate (EPLT) with centrifugal acceleration (ac = ω2Ro). A: VWB = 9.0 mL ($, from Jo et al. (2013)

[16]); B: 7.5 mL (◻, from Araki et al. (2012) [15]); C: 3.5 mL (4, from Perez et al. (2013) [21]). In the figure, lines denote the present

theoretical predictions (- - -, He = 0.37; —, 0.52). Centrifugal time is fixed as tc = 10 minutes.

https://doi.org/10.1371/journal.pone.0187509.g008
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[15, 16, 24], but they considered a single value of tc while our predictions make it possible to

perform a parametric study. As shown in Fig 10A, when tc is as small as 2 minutes, EPLT

increases slowly and does not reach the maximum even with the acceleration as large as ac =

1,500g. This is because the centrifugal time is not long enough to separate the plasma and

RBCs successfully. As tc increases, the slope of increasing EPLT becomes steeper and a larger

recovery of platelets (over 80%) is possible at a critical ac 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 ac becomes as small as about 350g at tc = 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 ac

does not change much with varying tc, which may indicate that the maximum EPLT 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 (tc and ac) on the recovery rate of WBCs

(EWBC). The general trends of EWBC with tc and ac are similar to those of EPLT; that is, with

increasing ac, EWBC increases to the maximum at a critical ac, and then decreases back. The

slope of EWBC change with ac and the critical ac show similar variations with those of EPLT, and

the maximum EWBC is maintained constant despite varying centrifugal conditions. On the

other hand, it is noted that the critical ac to achieve the maximum EWBC is smaller than that for

the maximum EPLT, 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.

Fig 9. Variation of white blood cell recovery rate (EWBC) with centrifugal acceleration (ac). Centrifugal time fixed as tc = 10 minutes

and VWB is 7.5 mL. Solid lines denote the boundaries of the predicted EWBC for the range of cw = 10−3–10−2, and◻’s are from Araki et al.

(2012) [15].

https://doi.org/10.1371/journal.pone.0187509.g009
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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 tc = 2, 5, 10, and 15 minutes with ac = 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 EPLT and Eplas has a linear correlation, which

actually corresponds to the regime before the maximum EPLT is achieved (Fig 11). That is, in

our analysis, EPLT is found to increase almost linearly with increasing Eplas 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 EPLT is achieved, it begins to decrease with further

increase of ac; on the other hand, Eplas steadily increases. In spite of different centrifugation

times, the collapse of the data into a single curve indicates that the maximum EPLT and the cor-

responding Eplas are maintained the same. This suggests that there exists a critical Eplas, 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 Eplas increases with increasing tc, which would

Fig 10. Effects of centrifugal time (tc) on the recovery rates. A: EPLT; B: EWBC.▼, tc = 2 minutes;♦, 3 minutes;▲, 4 minutes;■, 5

minutes;⚫, 6 minutes;5, 7 minutes; ^, 8 minutes;4, 9 minutes;◻, 10 minutes; �, 12 minutes; ?, 15 minutes. VWB is fixed as 9 mL.

https://doi.org/10.1371/journal.pone.0187509.g010
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reach the critical Eplas at lower ac, indicating that the critical ac for the maximum EPLT

decreases with increasing tc.

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 EPLT

and EWBC with ac (tc is fixed as 10 minutes) while varying the volume of whole blood as VWB =

3.5–9.0 mL and hematocrit as He = 0.37–0.52. First of all, the effect of VWB on the averaged

(for the range of He = 0.37–0.52) EPLT and EWBC is plotted in Fig 12A and 12B. When VWB is as

small as 3.5 mL, EPLT reaches the maximum (*63%) at a very low centrifugal acceleration of

120g that is close to the optimal ac of 100g measured by Perez et al. (2013) [21] who used the

same VWB. On the whole, with increasing VWB, the maximum achievable EPLT and corre-

sponding critical ac 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 EWBC (and critical ac) increases as VWB increases (Fig 12B). As we have shown in

Fig 10, the magnitude of EPLT is usually higher than EWBC, which has been measured in previ-

ous experimental studies [15, 21], as well. This is because not only do WBCs have a very small

Fig 11. Variation of EPLT with Eplas for the range of ac = 100g – 1,500g at selected tc.5, 2 minutes;◻, 5 minutes; �, 10 minutes; ?, 15

minutes. VWB is fixed as 9 mL.

https://doi.org/10.1371/journal.pone.0187509.g011
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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 ac for the maximum EWBC is not the same as the one for the maximum EPLT,

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 EPLT with ac for three difference cases of hematocrit

as He = 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 VWB = 9 mL and tc = 10 minutes.

As He increases, the maximum EPLT decreases significantly while the corresponding critical ac

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 EWBC and the

corresponding critical ac are predicted to increase and decrease, respectively, as the initial vol-

ume fraction of RBCs decreases (Fig 12D). As shown, the change rate of EWBC with ac near the

maximum peak becomes much steeper as He decreases, indicating that the EWBC is more sensi-

tive to ac at lower He. 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 0.2Ro (Ro, 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 EPLT and EWBC, while we vary He as

0.37 and 0.52 with VWB = 9.0 mL and tc = 10 minutes. In general, the overall dependency of

Fig 12. Effects of whole blood volume and hematocrit. A: VWB on EPLT; B: VWB on EWBC; C: He on EPLT; D: He on EWBC. In (A) and (B), ?,

VWB = 9 mL; �, 7.5 mL;4, 3.5 mL. In (C) and (D), - - -, He = 0.37; − � − � −, 0.45; ——, 0.52. Centrifugation time is fixed as tc = 10 minutes.

https://doi.org/10.1371/journal.pone.0187509.g012
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EPLT and EWBC on ac is not affected much by varying the cross-sectional area of tube bottom;

however, the maximum achievable EPLT and EWBC (and corresponding critical ac) 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, EPLT reaches the maximum (*100%) at ac = 300g with He =

0.37, but that of the conical tube has the maximum (*98%) at ac = 450g (Fig 13A). As ac

increases toward the critical value, the predicted EPLT (and EWBC) 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 ac between 800g and 900g. To understand the reasons for this (especially

focusing on EPLT), 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 Eplas and EPLT/Eplas on ac.

@

@ac
Eplas

� �
�

u1tc
Lð1 � HeÞ

;
@

@ac

EPLT

Eplas

 !

� �
Vtu1tc
AL2

exp �
Vtu1tc
AL2

ac

� �

: ð19Þ

Once all variables for centrifugal separation of blood cells are pre-determined, the first relation

shows that @(Eplas)/@ac is a positive constant indicating the gathering rate of platelets in the

PRP. On the other hand, the second relation, a decreasing function of ac in negative values,

Fig 13. Effects of tube bottom geometry on the recovery rates. A: Platelet; B: WBC.◻, flat type;▼,

conical type. Centrifugal time is fixed as tc = 10 minutes and VWB is 9 mL.

https://doi.org/10.1371/journal.pone.0187509.g013
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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 He = 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 ac = 800g–900g (= acr) which is close to the centrifugal

acceleration where EPLT’s from both cases are reversed (see Fig 13A). So, it is understood that

the loss of EPLT would be faster at ac< acr while more platelets will be gathered at ac> acr. Sec-

ond, the change rates of both Eplas and EPLT/Eplas with ac 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., ac< acr) while the conical one will prevail

at ac> acr.

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 EPLT and EWBC 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 He = 0.37–0.52) EPLT and EWBC with ac and tc (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 EWBC (�* 15%) and EPLT (�* 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% EPLT and 10% EWBC would be obtained at the centrifugal acceleration of

1,500g for a relatively short spinning time of tc = 2.5 minutes, or about 70% EPLT and 15%

EWBC are obtained at ac = 1,200g and tc = 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

Fig 14. Variation of @(EPLT/Eplas)/@ac (solid lines) and @(Eplas)/@ac (dashed lines) with ac for flat and conical

bottom shapes. Considered parameters are same as those used for the case of He = 0.52 in Fig 13A.

https://doi.org/10.1371/journal.pone.0187509.g014
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example, about 81% EPLT and 11% EWBC are achieved at ac = 240g for tc = 15 minutes, or about

63% EPLT and 16% EWBC are at ac = 140g for tc = 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% EPLT and 12% EWBC. 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

Fig 15. Contours of EPLT (solid lines) and EWBC (dashed lines) with centrifugal time (tc) and acceleration

(ac). VWB is fixed as 9.0 mL.

https://doi.org/10.1371/journal.pone.0187509.g015
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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.

Acknowledgments

This work was supported by the 2016 Seoul National University Research Grant and grants

(2016R1C1B2012775, 2017R1A4A1015523) through the National Research Foundation of

Korea (NRF), funded by the Korea government (MSIP) via SNU-IAMD.

Author Contributions

Conceptualization: Chris Hyunchul Jo.

Investigation: Linfeng Piao.

Project administration: Hyungmin Park.

Supervision: Chris Hyunchul Jo.

Writing – original draft: Linfeng Piao, Hyungmin Park.

Writing – review & editing: Hyungmin Park, Chris Hyunchul Jo.

References
1. Nikolidakis D, Jansen JA. The biology of platelet-rich plasma and its application in oral surgery: litera-

ture review. Tissue Eng. Part B Rev. 2008 Sep; 14(3):249–258. https://doi.org/10.1089/ten.teb.2008.

0062 PMID: 18601587

2. Cervelli V, Gentile P, Scioli MG, Grimaldi M, Casciani CU, Spagnoli LG, et al. Application of platelet-rich

plasma in plastic surgery: clinical and in vitro evaluation. Tissue Eng. Part C Methods 2009 Dec; 15

(4):625–634. https://doi.org/10.1089/ten.tec.2008.0518 PMID: 19231923

3. Foster TE, Puskas BL, Mandelbaum BR, Gerhardt MB, Rodeo SA. Platelet-rich plasma: from basic sci-

ence to clinical applications. Am. J. Sports Med. 2009 Nov; 37(11):2259–2272. https://doi.org/10.1177/

0363546509349921 PMID: 19875361

4. Hammond JW, Hinton RY, Curl LA, Muriel JM, Lovering RM. Use of autologous platelet-rich plasma to

treat muscle strain injuries. Am. J. Sports Med. 2009 Jun; 37(6):1135–1142. https://doi.org/10.1177/

0363546508330974 PMID: 19282509

Theoretical optimization of PRP preparation

PLOS ONE | https://doi.org/10.1371/journal.pone.0187509 November 2, 2017 22 / 25

https://doi.org/10.1089/ten.teb.2008.0062
https://doi.org/10.1089/ten.teb.2008.0062
http://www.ncbi.nlm.nih.gov/pubmed/18601587
https://doi.org/10.1089/ten.tec.2008.0518
http://www.ncbi.nlm.nih.gov/pubmed/19231923
https://doi.org/10.1177/0363546509349921
https://doi.org/10.1177/0363546509349921
http://www.ncbi.nlm.nih.gov/pubmed/19875361
https://doi.org/10.1177/0363546508330974
https://doi.org/10.1177/0363546508330974
http://www.ncbi.nlm.nih.gov/pubmed/19282509
https://doi.org/10.1371/journal.pone.0187509


5. Lopez-Vidriero E, Goulding KA, Simon DA, Sanchez M, Johnson DH. The use of platelet-rich plasma in

arthroscopy and sports medicine: optimizing the healing environment. ARTHROSCOPY 2010 Feb; 26

(2):269–278. https://doi.org/10.1016/j.arthro.2009.11.015 PMID: 20141991

6. Cieslik-Bielecka A, Bielecki T, Gazdzik TS, Arendt J, Król W, Szczepanski T. Autologous platelets and

leukocytes can improve healing of infected high-energy soft tissue injury. Transfus. Apher. Sci. 2009

Aug; 41(1):9–12. https://doi.org/10.1016/j.transci.2009.05.006 PMID: 19524487

7. Jo CH, Kim JE, Yoon KS, Lee JH, Kang SB, Lee JH, et al. Does platelet-rich plasma accelerate recov-

ery after rotator cuff repair? A prospective cohort study. Am. J. Sports Med. 2011 Oct; 39(10):2082–

2090. https://doi.org/10.1177/0363546511413454 PMID: 21737832

8. Jo CH, Kim JE, Yoon KS, Shin S. Platelet-rich plasma stimulates cell proliferation and enhances matrix

gene expression and synthesis in tenocytes from human rotator cuff tendons with degenerative tears.

Am. J. Sports Med. 2012 May; 40(5):1035–1045. https://doi.org/10.1177/0363546512437525 PMID:

22366517

9. Jo CH, Shin JS, Shin WH, Lee SY, Yoon KS, Shin S. Platelet-rich plasma for arthroscopic repair of

medium to large rotator cuff tears: a randomized controlled trial. Am. J. Sports Med. 2015 Sep; 43

(9):2102–2110. https://doi.org/10.1177/0363546515587081 PMID: 26015443

10. Hamid MSA, Yusof A, Ali MRM. Platelet-rich plasma (PRP) for acute muscle injury: a systematic review.

PLoS One 2014 Feb; 9(2):e90538. https://doi.org/10.1371/journal.pone.0090538 PMID: 24587389

11. Zimmermann R, Arnold D, Strasser E, Ringwald J, Schlegel A, Wiltfang J, et al. Sample preparation

technique and white cell content influence the detectable levels of growth factors in platelet concen-

trates. Vox Sang. 2003 Nov; 85(4):283–289. https://doi.org/10.1111/j.0042-9007.2003.00361.x PMID:

14633254

12. McCarrel TM, Minas T, Fortier LA. Optimization of leukocyte concentration in platelet-rich plasma for

the treatment of tendinopathy. J. Bone Joint Surg. Am. 2012 Oct; 94(19):e143. https://doi.org/10.2106/

JBJS.L.00019 PMID: 23032594

13. Boswell SG, Schnabel LV, Mohammed HO, Sundman EA, Minas T, Fortier LA. Increasing platelet con-

centrations in leukocyte-reduced platelet-rich plasma decrease collagen gene synthesis in tendons.

Am. J. Sports Med. 2014 Jan; 42(1):42–49. https://doi.org/10.1177/0363546513507566 PMID:

24136860

14. Kahn RA, Cossette I, Friedman LI. Optimum centrifugation conditions for the preparation of platelet and

plasma products. Transfusion 1976 Mar-Apr; 16(2):162–165. https://doi.org/10.1111/j.1537-2995.

1976.tb00440.x PMID: 1258118

15. Araki J, Jona M, Eto H, Aoi N, Kato H, Suga H, et al. Optimized preparation method of platelet-concen-

trated plasma and noncoagulating platelet-derived factor concentrates: maximization of platelet con-

centration and removal of fibrinogen. Tissue Eng. Part C Methods 2012 Mar; 18(3):176–185. https://doi.

org/10.1089/ten.tec.2011.0308 PMID: 21951067

16. Jo CH, Roh YH, Kim JE, Shin S, Yoon KS. Optimizing platelet-rich plasma gel formation by varying time

and gravitational forces during centrifugation. J. Oral Implantol. 2013 Oct; 39(5):525–532. https://doi.

org/10.1563/AAID-JOI-D-10-00155 PMID: 21480780

17. Dhurat R, Sukesh MS. Principles and methods of preparation of platelet-rich plasma: A review and

author’s perspective. J. Cutan. Aesthet. Surg. 2014 Oct-Dec; 7(4):189–197. https://doi.org/10.4103/

0974-2077.150734 PMID: 25722595

18. Leitner GC, Gruber R, Neumüller J, Wagner A, Kloimstein P, Höcker P, et al. Platelet content and
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