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Abstract

Introduction

Platelet function testing with flow cytometry has additional value to existing platelet function

testing for diagnosing bleeding disorders, monitoring anti-platelet therapy, transfusion medi-

cine and prediction of thrombosis. The major challenge is to use this technique as a diagnos-

tic test. The aim of this study is to standardize preparation, optimization and validation of the

test kit and to determine reference values in a population of 129 healthy individuals.

Methods

Platelet function tests with 3 agonists and antibodies against P-selectin, activated αIIbβ3

and glycoprotein Ib (GPIb), were prepared and stored at -20˚C until used. Diluted whole

blood was added and platelet activation was quantified by the density of activation markers,

using flow cytometry. Anti-mouse Ig κ particles were included to validate stability of the test

and to standardize results. Reference intervals were determined.

Results

Blood stored at room temperature (RT) for up to 4h after blood donation and preheated/

tested at 37˚C resulted in stable results (%CV<10%), in contrast to measuring at RT. The

intra-assay %CV was <5%. Incubation of anti-mouse Ig κ particles with antibodies stored for

up to 12 months proved to give a stable fluorescence. The inter-individual variation mea-

sured in the 129 individuals varied between 23% and 37% for P-selectin expression and

αIIbβ3 activation, respectively.

Conclusions

The current study contributes to the translation of flow cytometry based platelet function

testing from a scientific tool to a diagnostic test. Platelet function measurements, using pre-

pared and stored platelet activation kits, are reproducible if executed at 37˚C. The reference
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ranges can be validated in clinical laboratories and ongoing studies are investigating if

reduced platelet reactivity in patients with bleeding complications can be detected.

Introduction

The assessment of platelet (dys)function is of crucial relevance in several clinical settings,

including: monitoring the response to antiplatelet treatment, evaluation of perioperative hae-

mostasis, transfusion medicine and identification of bleeding disorders [1].

The current gold standard of testing platelet function for the diagnosis of bleeding disorders

is light transmission aggregometry (LTA) [2]. However, LTA is laborious, relatively insensitive

to small changes in platelet function and the outcome is affected by haemolysis and an abnor-

mal platelet count [3]. Additionally, the test is poorly standardized, consumes large blood vol-

umes and requires skilled technicians in specialized laboratories [4, 5].

Platelet function testing by flow cytometry in whole blood was first described by Shattil

et al. [6]. Under current guidelines, the use of flow cytometry is recommended as an integral

component of the investigation of platelet function disorders [7, 8]. In mild bleeding disorders,

flow cytometric platelet activation shows a good correlation with LTA [9]. In acute coronary

syndromes and after coronary stenting, expression of platelet activation markers predicts

major adverse cardiac events and, in patients with atrial fibrillation, increased expression is a

risk factor for silent cerebral infarction [5, 10, 11].

Flow cytometric analysis of platelet function in whole blood is a technique that has many

advantages. First of all, flow cytometry measures within limited time the specific characteristics

of a large number (e.g. 5000 or 10,000) of individual platelets. Furthermore, platelets are ana-

lysed in their physiological milieu of whole blood, including erythrocytes and leukocytes, both

of which affect platelet activation [12, 13], without any pretreatment of the blood. This allows

for measurement of both the baseline activation state of circulating platelets and their reactivity

in response to various agonists without the influence of artefactual in vitro activation by pre-

conditioning of blood [6]. Also, this method permits the detection of two specific activation-

dependent modifications in the platelet surface membrane. The amount of activated αIIbβ3

receptors and the expression of P-selectin on the cell membrane correspond to the aggregation

potential and granule release capacity of platelets, respectively [14–16]. The test has been used

for measuring platelet function in bleeding disorders, during surgery, in platelet concentrates,

and in patients with thrombocytopenia [17, 18]. Because only minimal volumes (5 μl) of blood

are required, the technique is also suitable for neonatal studies [19, 20]. Unfortunately, there

are many different protocols circulating and flow cytometry detection of platelet function is

still only applied in research settings, due to the absence of standardisation between labs and

instruments. In the past, the tests for the detection of platelet function by flow cytometry

required fresh preparation of reaction mixes. This was not only laborious but also detrimental

for the reproducibility of the test. A simultaneous improvement of reproducibility and of the

workload was achieved by preparing large batches of stable reaction mixes, that are aliquoted

in small reaction tubes and stored in a freezer for several months. Another issue in flow cytom-

etry-based platelet function testing is the temperature of the blood before and during the test.

Currently, the majority of studies using this technique are performed at room temperature

(RT) [21, 22], while it is known that RT by itself is a co-trigger of platelet activation [23, 24].

Finally, no consensus is reached on the optimal time frame post blood drawing in which the

test should be performed to exclude ex vivo platelet activation. Some studies claim that blood
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samples should be processed within 30 minutes [6], while others advice to wait for a stable

response, achieved 1 to 2 hours post blood collection [25].

The aims of this study are (1) to solve the discussion about the optimal temperature for

measuring flow cytometric platelet function, (2) to standardize, optimize and validate the

preparation of the test kits and (3) to determine reference values in a healthy population.

Materials and methods

Reagents

Platelet agonists used for measuring platelet function include the P2Y12 agonists ADP (01897,

Sigma-Aldrich, the Netherlands), the protease activated receptor (PAR)-1 agonist thrombin

receptor activator peptide (TRAP-6 (SFLLRN), H-2936; Bachem, Germany) and the glycopro-

tein VI (GPVI) agonist collagen-related peptide (CRP, a generous gift by Professor Farndale,

university of Cambridge, UK). Professor Farndale identified fragments of collagen, synthesized

and assembled in active, triple-helical conformation and in this study, a single batch of cross-

linked CRP (CRP-XL) was used. The antibodies used in this test were FITC-conjugated mono-

clonal antibody PAC1 directed against the activated αIIbβ3 receptor, PE-conjugated monoclo-

nal antibody anti-P-selectin (CD62P, clone AK4) and APC-conjugated anti-CD42b (GPIb)

monoclonal antibody (clone HIP1), all purchased from BD Pharmingen (NJ, USA). Anti-

mouse Ig κ particles and negative control particles were also purchased from BD Pharmingen.

Preparation of the platelet activation tests

Optimal agonist concentrations were determined in 5 healthy donors of which the data are

shown (S1 Fig). Test strips consisting of the four optimal test conditions (no agonist, 30 μmol/

L TRAP, 5 μg/ml CRP and 30 μmol/L ADP) were prepared in advance and stored at -20˚C.

Each reaction mixture with a total volume of 20 μl consists of 2 μl FITC-conjugated PAC1,

1.5 μl PE-conjugated anti-P-selectin and 0.5 μl APC-conjugated anti-CD42b with or without

agonist in HEPES-buffered saline (HBS, 10 mmol/L HEPES, 150 mmol/L NaCl, 1 mmol/L

MgSO4, 5 mmol/L KCL, pH 7.4).

Preparation of the reaction mixtures for the beads. In each platelet activation test, 3

additional conditions to detect binding of antibodies to anti-mouse Ig κ particles or negative

control particles were included. The negative control condition (NC) contains 2 μl FITC-con-

jugated PAC1 and 1.5 μl PE-conjugated anti-P-selectin in HEPES-buffered saline (total vol-

ume of 20 μl). Two positive control (PC) conditions were prepared: PC1 contains 2 μl FITC-

conjugated PAC1 and PC2 contains 1.5 μl PE-conjugated anti-P-selectin in HEPES-buffered

saline (total volume of 20 μl).

Performing the platelet activation tests

Test strips were thawed and shortly centrifuged. All tests were performed at 37˚C, unless stated

otherwise. Whole blood was stored at RT for at least 30 min and maximum 4h, incubated at

37˚C for 10 minutes and diluted 1:4 in pre-heated HEPES-buffered saline to minimize the for-

mation of platelet aggregates. From this diluted blood, 5 μl was added to each reaction mixture

(20 μl, final dilution 1:20) and the tests were incubated for exactly 20 minutes at 37˚C. At the

same time, 5 μl of negative control particles and 5 μl of anti-mouse Ig κ particles were added to

the NC condition or to both PC1 and PC2, respectively.

Reactions were stopped by adding 250 μl fixation solution (137 mmol/L NaCl, 2.7 mmol/L

KCl, 1.12 mmol/L NaH2PO4, 1.15 mmol/L KH2PO4, 10.2 mmol/L Na2HPO4, 4 mmol/L

EDTA, 0.5% formaldehyde). Upon fixation, platelet activation markers were stable from day 2

Reference ranges for platelet function
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to day 8 (change in MFI<5%, S2 Fig), but most samples were analysed one day after the exper-

iment (day 2).

Flow cytometry was used to discriminate platelets from other cells, using the forward and

sideward scatter pattern and by gating on the CD42b positive cells. Fluorescent intensity in the

FITC gate and PE gate was selected to determine activated αIIbβ3 and P-selectin density,

respectively, and results are expressed as median fluorescent intensity (MFI).

Study population

Our study protocol was evaluated by the local medical ethical board (Medical Ethical Commit-

tee of Maastricht University Medical Center). The study population consisted of 129 healthy

adult individuals, aged 20–65 years. All participants did not take any oral anticoagulant or

anti-platelet drugs for at least two weeks, did not have a history of thrombosis or bleeding and

gave full written informed consent according to the Helsinki declaration. Experiments were

conducted at the Synapse Research Institute in accordance with approved guidelines and regu-

lations. Blood was collected aseptically by antecubital puncture via a 21-gauge needle (0.8x32

mm) into vacuum tubes (1 volume trisodium citrate 0.105M to 9 volumes blood) (BD Vacutai-

ner System/Greiner). The blood was kept at RT and used within 4 hours from withdrawal. Cell

counts in whole blood were performed with a Coulter Counter analyzer (Beckman Coulter,

Woerden, The Netherlands).

Statistics

Beads were used to normalize the flow cytometric data with the following equation:

100� ðMFIa � MFIcÞ=ðMFIPC � MFINCÞ

Where MFIa was the MFI of the activated platelets, MFIc the MFI of the unstimulated platelets,

MFIPC the MFI measured on the positive control beads and MFINC the MFI of the negative

control beads.

For the reference values, outlier analysis was performed using the D/R method (Dixon).

One outlier was detected and excluded (P-selectin expression in response to ADP measured

on the Accuri as well as the Canto). Normality was tested using the Shapiro Wilk test and

except for αIIbβ3 receptor activation in response to CRP, data were not normal distributed.

Continuous variables were expressed as median and interquartile range (25%-75%). Also,

mean and standard deviation (SD) were shown and inter-individual variability (%CV) was cal-

culated for each variable as 100 x (SD/mean). Reference intervals were obtained using non-

parametric calculation methods, in accordance with the recommendation in the latest CLSI

guidelines [26]. More precisely, the lower reference interval limit was estimated as the 2.5th

percentile, and the upper limit as the 97.5th percentile of the distribution. Groups were com-

pared using the Mann-Whitney U test for independent samples.

Results

Optimisation of the platelet function test

Determination of the optimal temperature conditions. To study the effects of the stor-

age temperature on platelet function, blood was drawn and stored at 37˚C or RT. After 30 min-

utes, whole blood was diluted and added to reaction mixtures containing the agonists TRAP,

CRP or ADP, or a control buffer. In the control condition without agonist, no αIIbβ3 receptor

activation or P-selectin expression was detectable, regardless of the storage temperature (S3

Fig). Incubation of whole blood with platelet agonists resulted in a strong increase in the

Reference ranges for platelet function
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amount of αIIbβ3 receptor activation and in the expression of P-selectin. Activation of the

αIIbβ3 receptor in response to TRAP, CRP or ADP as well as P-selectin expression in response

to ADP was significantly lower at 37˚C compared to RT. On the other hand, the temperature

did not significantly affect the P-selectin expression in response to TRAP or CRP.

When measuring at RT, standardization of the time from blood collection to the start of

platelet function testing has been advised to reduce the variation in results [27]. We investi-

gated this in more detail and blood was drawn from 3–5 donors and stored at 37˚C or RT. At

different time points (immediately (t = 0) and after 10 min, 20 min, 30 min, 45 min, 60 min

and 90 min), blood was diluted and added to the platelet function reaction mixtures. In clinical

setting, constant incubation at 37˚C is challenging because the collected blood needs to be

transported to the laboratory. Therefore, we included a RT/37˚C condition, in which the

blood stored at RT (from 10 min up till 80 min) was incubated at 37˚C for 10 min before the

platelet activation test was initiated. Subsequently, reactions were incubated for 20 min at

37˚C or at RT followed by fixation of the cells. The MFI for αIIbβ3 receptor activation and P-

selectin expression were recorded and the percentages compared to the 37˚C condition mea-

sured 30 minutes after blood donation are shown in Fig 1. Pre-analytical storage of blood at

RT showed a time-dependent increase in platelet reactivity. Blood samples that were stored

pre-analytically for up to 20 min at RT after blood collection had a significant lower αIIbβ3

receptor activation in response to TRAP, CRP or ADP than blood that was pre-analytically

stored at RT for longer periods (Fig 1). The same pattern was observed for P-selectin expres-

sion if platelets were activated with ADP. In contrast to RT, pre-analytical storage of blood at

37˚C hardly influenced platelet reactivity from 20 min up to 90 min after blood collection.

Interestingly, the responses of platelets stored at RT but preheated for 10 min at 37˚C before

performing the platelet function test were comparable to those of platelets stored at 37˚C

immediately after blood collection (Fig 1). These findings indicate that blood should be pre-

heated to 37˚C, at least 10 min before platelet function analysis.

Additionally, the variability introduced by pre-analytical storage of the blood up to 4 hours

at RT was tested in 4 donors (Table 1). Prior to the experiment, blood was stored for at least 30

minutes and maximally 4 hours at RT, followed by a 10 minutes incubation at 37˚C. Accept-

able variability was found when platelets were activated with TRAP and CRP (coefficient of

variation less than 10%; Table 1), while platelet activation by ADP showed more variability

due to pre-analytical storage of blood. Given the enormous practical advantage of blood stor-

age at RT without the need to standardize the time between blood collection and test initiation,

we selected the RT/37˚C condition for further experiments.

Stability of platelet function tests stored at -20˚C. In this platelet function assay, reac-

tion mixtures containing the complete package of conjugated antibodies and agonists, were

stored at -20˚C. To test the stability of the antibodies present in the platelet function tests, we

included anti-mouse Ig κ particles, which bind the FITC conjugated PAC-1 as well as the PE

conjugated anti-P-selectin antibodies in two separate conditions (PC1 and PC2). The beads,

with approximately the same size as platelets, provided distinct positive stained populations

which can also be used to determine the compensation levels of the flow cytometer. Tests con-

sisting of two positive control solutions and one negative control, were stored for up to 12

months. Every month, anti-mouse Ig κ particles or negative control beads were added to four

tests accordingly. Binding of the FITC-conjugated PAC-1 antibody as well as the PE-conju-

gated anti-P-selectin antibody was recorded as MFI measured on the PC beads minus MFI of

the NC beads (Fig 2). After 6 months and 12 months a new batch of beads was used. The bind-

ing of the anti-P-selectin antibody to the PC beads resulted in a higher fluorescence than the

binding of the PAC-1 antibody. Importantly, fluorescence measured was constant in time for

Reference ranges for platelet function
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Fig 1. Effect of temperature on platelet function testing by flow cytometry. Immediately after blood donation, blood was stored at RT or at 37˚C. At each

time point (X-axis), platelet activation in response to TRAP (panel a), CRP (panel b) or ADP (panel c) was tested. For the 37˚C condition, blood was

immediately placed at 37˚ and platelet function tests were performed at 37˚C. For the RT condition, blood was kept at RT and the tests were performed at RT.

For the RT/37˚C condition, blood was kept at RT and 10 min before performing the platelet function test, blood was placed at 37˚C and tests were performed

at 37˚C. The median fluorescence intensity (MFI) of αIIbβ3 receptor activation (left panels) and P-selectin expression (right panels) was recorded and

expressed as the percentage compared to the MFI of the 37˚C condition measured after 30 min at 37˚C. Data are presented as mean ± SD (n = 3 to 5).

https://doi.org/10.1371/journal.pone.0192079.g001

Reference ranges for platelet function
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Table 1. Assay variation when blood is stored at RT up till 240 min followed by 10 min preincubation at 37˚C prior to performing the platelet function test.

Variability 30 min—240 min (%CV)

Donor 1 Donor 2 Donor 3 Donor 4 MEAN %CV

αIIbβ3 activation TRAP 9.3 7.9 7.3 6.3 7.7

CRP 3.1 6.4 2.5 7.2 4.8

ADP 18.3 5.5 7.3 10.6 10.4

P-selectin expression TRAP 5.8 6.1 10.1 5.5 6.9

CRP 6.2 6.2 8.4 7.0 7.0

ADP 24.4 7.9 24.2 16.8 18.3

Blood was stored for 30, 60, 120, 180 and 240 min before it was preincubated for 10 min at 37˚C.

https://doi.org/10.1371/journal.pone.0192079.t001

Fig 2. Determination of the stability of the antibodies stored at -20˚C. Tests consisting of two positive control

solutions (containing either the PAC-1 antibody (PC1) or the anti-P-selectin antibody (PC2)) and one negative control

(containing both the PAC-1 and the anti-P-selectin antibodies), were stored at -20˚C for up to 12 months. Every

month, four tests of each condition were thawed. Anti-mouse Ig κ particles or negative control beads were added

accordingly and incubated for 20 min at 37˚C. Binding of the FITC-conjugated PAC-1 as well as the PE-conjugated

anti-P-selectin was recorded as MFI measured on the PC beads minus MFI of the NC beads. After 6 months and 12

months a new batch of beads was used (indicated by the dashed lines). Data are presented as mean ± SD (n = 4) and

linear regression lines are shown. Every month, anti-mouse Ig κ particles or negative control beads were added to four

tests accordingly.

https://doi.org/10.1371/journal.pone.0192079.g002
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both antibodies (slope of the linear regression line not significantly different from zero with P-

values of 0.5 and 0.4 for PAC-1 and anti-P-selectin, respectively).

Determination of the precision of the platelet activation test. To obtain intra-assay pre-

cision data of our test, we performed replicate experiments (n = 10) in 4 healthy donors. For

each donor, these experiments were carried out in parallel after preheating the blood for 10

minutes at 37˚C, using the same batch of platelet function tests. Platelets were activated with

TRAP, CRP and ADP and incubated with FITC-conjugated PAC-1 and PE-conjugated anti-P-

selectin, and MFI were measured to determine αIIbβ3 receptor activation and P-selectin

expression on the platelet membrane, respectively. At the same time, the binding of these anti-

bodies to positive control beads was measured. For each donor, the mean values with the SD

and %CV of the MFI are depicted in Table 2. For each condition, the mean intra-assay varia-

tion was found to be below 5% with the exception of the platelet activation in response to

ADP.

Usage of beads to reduce the lot-to-lot variability and comparison of data obtained by

different flow cytometers. In a next set of experiments, we investigated if normalisation of

the results of the platelet activation test by results obtained on beads reduces variability

between lots of tests and/or allows the comparison of data obtained by different flow

cytometers.

The lot-to-lot variability was determined by measuring platelet activation in 4 donors using

5 different test lots per donor. The tests, prepared and stored at -20˚C for 1, 4, 7, 8 or 9 months,

consisted of a control condition without agonist, three conditions with agonists and three con-

ditions for NC and PC beads (Materials and methods). Data were normalized as described in

materials and methods. For each donor, the lot-to-lot variability was determined by calculating

the %CV of the raw data as well as the normalized data for each condition (mean %CVs are

shown in Fig 3). Normalization did not affect the lot-to-lot variability for αIIbβ3 receptor acti-

vation, however, the lot-to-lot variability did increase for P-selectin when data were normal-

ized (Fig 3). With the exception of P-selectin expression in response to ADP, the lot-to-lot

variability for all conditions was below 15%.

Measuring the same sample on different flow cytometers often results in different absolute

MFI values due to different lasers and fluorescent detectors in the systems. To investigate if

normalization of the data allows the comparison of results obtained with different flow cyt-

ometers, blood was collected from 126 donors and the platelet function assay was performed.

The tests were analysed on a BD Accuri and a BD FACSCanto, and for each donor, the MFI

values as well as the normalized values of the two cytometers were compared. To create a clear

general picture, values of the first 50 donors are shown in the S4 Fig. Mean MFI values mea-

sured on the FACSCanto/Accuri were 509/1105 AU, 2909/6398 AU and 1661/3733 AU for

αIIbβ3 receptor activation and 5141/5102 AU, 5169/5206 AU and 421/323 AU for P-selectin

expression in response to TRAP, CRP and ADP, respectively. Normalization of the MFI values

resulted in mean normalized values measured on FACSCanto/Accuri (%CV) of 7.3/6.8 (7%),

41.9/39.4 (6%) and 23.9/22.9 (6%) for αIIbβ3 receptor activation and 18.0/12.6 (26%), 18.1/

12.8 (25%) and 1.5/0.8 (48%) for P-selectin expression in response to TRAP, CRP and ADP,

respectively.

Additionally, platelet function tests of 2 donors were analysed on an Accuri and a Navios

flow cytometer of Beckman Coulter. Mean MFI values were measured on Navios/Accuri and

were 3.9/739.5, 31.1/6039.3, 13.5/2543 for αIIbβ3 receptor activation and 22.2/8320.5, 22.6/

8618.8 and 1.6/477.5 for P-selectin expression in response to TRAP, CRP and ADP, respec-

tively. Mean normalized values measured on Navios/Accuri (%CV) of 3.9/3.7 (2%), 31.3/30.5

(3%) and 13.5/12.7 (4%) for αIIbβ3 receptor activation and 13.2/16.3 (15%), 13.4/16.9 (17%)

and 0.9/0.9 (6%) for P-selectin expression in response to TRAP, CRP and ADP, respectively.

Reference ranges for platelet function
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Measuring platelet function in a healthy population

Determination of inter-individual variability and reference intervals of platelet func-

tion. Demographic data of 129 healthy individuals (63 females and 66 males, median 32.0

years) together with blood counts are summarized in Table 3. Concerning the blood counts,

the haemoglobin levels, haematocrit and red blood cell counts were significantly increased and

platelet counts significantly reduced in male compared to female samples.

The inter-individual variability (%CV) as well as reference intervals (2.5 percentile- 97.5

percentile) for P-selectin expression and αIIbβ3 receptor activation in response to the agonists

TRAP, CRP and ADP were determined in these 129 healthy volunteers (Table 4). Samples

were measured on an Accuri flow cytometer and a FACSCanto. For CRP, two relatives with a

previously unknown GPVI deficiency were excluded. Apart from the reference values, medi-

ans, interquartile ranges (IQRs), minimum and maximum values of each test parameter are

indicated. Looking at the inter-individual variation, for TRAP and CRP the %CV for P-selectin

expression and αIIbβ3 receptor activation proved to be acceptable and in the range of 23 to

37%.

Effect of sex and age on platelet activation. The effect of sex on platelet activation was

investigated for all agonists. P-selectin expression and αIIbβ3 receptor activation in response

to ADP were significantly higher in females compared to males (S5 Fig). The same trend was

observed for the agonist TRAP and CRP, although the differences did not reach statistical

significance.

Looking at the effect of age of the healthy volunteers on platelet activation, weak but signifi-

cant correlations were found for αIIbβ3 receptor activation in response to TRAP and ADP

(Spearman correlation coefficient r = 0.19 (p = 0.03), r = 0.22 (p = 0.01), respectively) and for

P-selectin expression in response to ADP (r = 0.18 (p = 0.04)).

Discussion

This study contributes to the development of an in vitro diagnostic test that measures platelet

activation by flow cytometry. We investigated the effect of pre-analytical temperature and stor-

age conditions on platelet function and showed that blood can be stored at RT after blood col-

lection if the blood is preheated at 37˚C, 10 min before platelet function is measured at 37˚C.

Table 2. Intra assay variability of the platelet function test and beads.

Intra-assay variability

Donor 1 (n = 10) Donor 2 (n = 10) Donor 3 (n = 10) Donor 4 (n = 10) MEAN %CV

Mean±SD %CV Mean±SD %CV Mean±SD %CV Mean±SD %CV

αIIbβ3 activation
TRAP 1050±38 3.6 1738±71 4.1 972±51 5.2 1196±84 7.0 5.0

CRP 8475±100 1.2 10384±568 5.5 7162±195 2.7 8297±374 4.5 3.5

ADP 8077±984 12.2 6243±280 4.5 4351±144 3.3 3912±161 4.1 6.0

P-selectin expression
TRAP 8804±340 3.9 9621±232 2.4 7965±377 4.7 7603±363 4.8 3.9

CRP 8995±227 2.5 10205±244 2.4 8246±382 4.6 8308±190 2.3 3.0

ADP 5219±1560 29.9 1048±155 14.8 923±272 29.4 599±46 7.7 20.4

Positive control beads
PAC-1-FITC 18209±134 0.7 21047±573 2.7 19795±468 2.4 19584±331 1.7 1.9

aCD62P-PE 39510±692 1.8 46287±1833 4.0 43513±732 1.7 40992±1361 3.3 2.7

Due to the need of fresh blood, a true inter-assay CV determined on consecutive days could not be assessed.

https://doi.org/10.1371/journal.pone.0192079.t002
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Results obtained by three types of flow cytometers (BD Accuri, BD FACS Canto, Beckman

Navios) were found to be not comparable, unless the tests are calibrated by calibrator beads.

Another important qualification of diagnostic tests is the reproducibility, which is acceptable

for our test as shown by the low %CV (with the exception of P-selectin expression in response

Fig 3. Influence of normalization on the lot-to-lot variability of the platelet activity test. Five lots of platelet

function tests were prepared and stored at -20˚C for 1, 4, 7, 8 and 9 months. Whole blood of 4 donors was used to

study the variability between the lots. For each condition MFI values were recorded and normalized using the

fluorescence measured on the NC and PC beads. Coefficient of variations for both the raw data and normalized data

are shown with their corresponding SD.

https://doi.org/10.1371/journal.pone.0192079.g003

Table 3. Baseline data of 129 healthy individuals.

All Women (n = 63) Men (n = 66) P-values

Age, years 32 (27–44) 32 (27–44) 31 (26–44) ns

Haemoglobin, mmol/L 9.0 (8.3–9.6) 8.36 (8.0–8.9) 9.5 (9.1–9.8) <0.0001

Haematocrit, % 42 (39–44) 39 (38–42) 44 (42–45) <0.0001

Red blood cell count, �1012/L 4.9 (4.5–5.1) 4.6 (4.4–4.9) 5.0 (4.8–5.2) <0.0001

Platelet count, �109/L 316 (273–370) 332 (289–391) 295 (264–359) 0.004

White blood cell count, �109/L 5.7 (5.0–6.7) 5.9 (5.1–7.0) 5.4 (4.8–6.5) ns

Medians and interquartile ranges (25%-75%) are indicated.

https://doi.org/10.1371/journal.pone.0192079.t003
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to ADP). Finally, we have determined platelet function in 129 healthy volunteers to obtain the

normal ranges, inter-subject variation and to study the effects of age and sex on platelet

function.

Our goal was to develop a user-friendly, reliable and quick platelet function test using three

platelet agonists (TRAP, CRP and ADP) and two platelet activation markers (αIIbβ3 receptor

activation and P-selectin expression). This reveals a limitation of our study because adding

additional agonists (PAR4-selective agonist, arachidonic acid, ristocetin) and activation mark-

ers (CD40L, CD63, annexin-V, mepacrine) would result in a more detailed picture on platelet

activation, however, this was beyond the scope of this study.

Currently, important discrepancies exist in the published flow cytometric platelet function

protocols. Despite the evidence of spontaneous platelet activation at RT, most tests are per-

formed at RT and no consensus is reached on the ideal time interval between blood collection

and initiation of the test [21, 22, 25, 27–30]. As shown by our results, platelet function at RT is

affected by storage time between blood collection and analysis, while pre-analytical storage of

blood at 37˚C will not affect platelet function over time, if the time frame is from 20 min up to

4 hours after blood collection. Interestingly, the effect of low temperature on platelet function

was reversible, as platelets stored at RT and subsequently incubated for 10 minutes at 37˚C

were equally responsive as platelets stored continuously at 37˚C (irrespective of the time after

blood donation). Taking into account its advantages in a clinical setting (allowing blood trans-

port at RT from the clinics to the laboratory), the RT/37˚C condition was preferred for further

experiments.

Incubation at RT resulted in higher signals for αIIbβ3 activation in response to TRAP, CRP

and ADP and P-selectin expression in response to ADP in comparison with incubation at

37˚C. This is in agreement with previous studies reporting that in vitro hypothermia enhances

platelet αIIbβ3 activation and P-selectin expression in response to platelet agonists [23, 24, 27].

This also resulted in a higher optimal concentration of agonist (determined by the shoulder of

Table 4. Inter-individual variation and reference intervals of the platelet function test.

N Mean

(% of beads)

Stdev %CV Median IQR

(25%-75%)

Reference Interval

(2.5%-97.5%)

Min Max

Accuri

αIIbβ3 activation
TRAP 129 6.8 2.5 36.5 6.5 5.1–8.2 2.3–12.8 2.2 13.2

CRP 127 40.0 9.8 24.4 40.7 34.0–47.3 18.1–60.6 10.7 65.4

ADP 129 22.8 8.7 38.0 22.6 16.9–27.0 7.7–43.8 4.6 45.4

P-selectin expression
TRAP 129 12.7 4.0 31.0 12.5 9.5–14.9 6.6–22.4 5.4 26.0

CRP 127 13.1 4.1 31.3 12.5 9.9–15.4 7.2–23.8 6.4 26.2

ADP 128 0.8 0.7 86.4 0.6 0.2–1.1 0.09–2.5 0.1 3.7

Canto

αIIbβ3 activation
TRAP 126 7.3 2.6 35.9 7.1 5.4–9.0 2.7–13.8 2.4 14.5

CRP 124 42.4 9.7 22.9 41.9 36.3–48.7 20.9–63.1 11.0 68.8

ADP 126 23.9 8.8 36.8 23.3 17.3–28.4 8.5–45.0 5.9 46.6

P-selectin expression
TRAP 126 18.0 4.5 24.7 17.8 14.4–20.5 10.8–29.4 10.0 34.1

CRP 124 18.3 4.4 24.3 17.6 14.9–20.8 11.7–28.1 9.0 34.7

ADP 125 1.4 1.1 81.3 1.1 0.6–1.8 0.3–5.0 0.1 5.4

https://doi.org/10.1371/journal.pone.0192079.t004
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the dose-effect curve) when measuring at 37˚C, in comparison with other studies testing plate-

let activation at RT [25, 31, 32]. Further studies on patient populations will determine if this

increase in agonist concentration influences the sensitivity of the test. The difference in MFI

(RT versus 37˚C) regarding αIIbβ3 activation seems to be more distinct for TRAP than for the

other agonists, likely reflecting a fundamental difference in their mechanisms of platelet activa-

tion. Of note, the temperature-dependent binding kinetics of the PAC-1 antibody contributes

to the higher signals for αIIbβ3 activation at RT [33]. In our view, measuring a stable platelet

function response over time is more important than achieving extremely high fluorescent

signals.

It has been suggested that flow cytometry-based platelet function measurements are labori-

ous. This impression is based on old school test set-ups, which rely on freshly prepared reac-

tion mixes and depend on skilled staff to ensure reproducible results. In this report, we show

that reaction mixtures (containing both agonists and antibodies) can be stored stably at -20˚C

for at least one year. Using anti-mouse Ig κ particles to capture the antibodies of a reaction

mixture, a strong stable fluorescent signal was detected. The stability of the agonists in the

reaction mixtures stored at -20˚C is also shown by the seasonal variation study started in Feb-

ruary 2016 in which no consecutive decline of platelet function was measured over time. The

advantage of the stable storage of reaction mixtures is that the test becomes less time consum-

ing and more user friendly. Additionally, one batch of tests can be prepared per clinical study

to avoid lot-to-lot variability.

Another issue in platelet function testing is the standardisation within and between labora-

tories. The current study describes a new approach, which uses anti-mouse Ig κ particles. We

observed comparable αIIbβ3 activation (FITC signal) between different flow cytometers while

the raw data differed enormously. In contrast, P-selectin expression (PE-signal) measured on

different flow cytometers was more complex to calibrate. The much higher fluorescent signal

measured on the positive control beads for the PE-conjugated anti-P-selectin may provide an

explanation for this discrepancy. This reasoning may also explain why the usage of beads

increases the lot to lot variability for P-selection expression. In the future, other beads with a

lower amount of antibody binding sites will be developed to deal with this problem.

For the identification of patients with platelet dysfunction, it is essential to establish appro-

priate reference intervals. We have determined reference values for platelet function by flow

cytometry in more than 120 individuals, as recommended by the latest CLSI guidelines [26].

In our healthy population, platelet activation in response to ADP was higher in women

than in men and for this parameter, gender-specific reference values can be found in S5 Fig.

Previously, it was demonstrated that platelets of women were significantly more active [34, 35]

due to the conversion of a greater proportion of αIIbβ3 receptors into the active confirmation

after agonist stimulation [36]. In contrast, a number of small studies failed to detect any differ-

ences in the reactivity of platelets between men and women [37–40]. Since we aimed to deter-

mine reference values in a broad normal population presenting at the clinic, we did not aim to

determine gender-specific reference ranges. Furthermore, we found a low but significant cor-

relation between platelet function and age. This is in agreement with a recent review on the

effects of ageing on platelet function concluding that platelet function increases during middle

age [41].

The reference intervals will serve as guidance to identify patients at risk for bleeding and

thrombosis. We were able to reduce pre-analytical and analytical variables that affect platelet

function. However, the measurement variation between different flow cytometers may still

have an influence on platelet function results. Therefore, we emphasize that each laboratory

should validate these reference intervals using their specific experimental conditions. Valida-

tion is typically performed in 20 normal individuals, and if no more than two results are
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outside our proposed reference intervals a laboratory may adopt our proposed reference inter-

vals [26].

Studies investigating normal ranges for platelet function in healthy donors have shown an

inter-individual variation of 16%-32%, especially at low and medium doses of agonists, with a

considerable overlap in responses between individuals with and without reported bleeding

problems [42–44]. These data correspond with our data showing an inter-individual variability

of around 30% (apart from P-selectin expression in response to ADP).

Comparing the different agonists in our study, in most individuals ADP induces a low

expression of P-selectin on the platelet outer membrane. This can be explained by the fact that

ADP is a weak agonist for granule release. P-selectin expression is therefore in the noise range,

which results in poor reproducibility. This in contrast with a strong agonist, such as thrombin

or collagen, that can trigger granule secretion even when aggregation is prevented [45]. There-

fore, we do not recommend to use P-selectin expression in response to ADP as a biomarker to

predict bleeding, but the test may be useful in the prediction of thrombotic events.

Conclusions

We optimized the flow cytometric platelet function assay by determining pre-analytical condi-

tions and by preparing ready to use kits including calibrator beads. This resulted in stable

user-friendly platelet function tests with acceptable intra-assay variability. Furthermore, this is

the first study determining reference intervals in a large healthy cohort. These reference inter-

vals can be validated in clinical laboratories and ongoing studies are investigating if we can

detect reduced platelet activation in patients with bleeding complications.

Supporting information

S1 Fig. Determination optimal agonist concentration. Whole blood of 5 donors was incu-

bated for 10 min at 37˚C and subsequently, platelets were activated for 20 min at 37˚C with

TRAP (panel A), CRP (panel B) and ADP (panel C). Dose-dependent activation curves were

created for both αIIbβ3 receptor activation (left panels) and P-selectin expression (right pan-

els). The dotted line represents the concentration of the agonists used in the subsequent exper-

iments.

(DOCX)

S2 Fig. Stability of the platelet activation markers after fixation. At day 1, blood from 1

donor was added to two reaction mixtures consisting of an antibody mixture with the agonist

CRP. After incubation for 20 minutes at 37˚C, samples were fixated and analysed on the flow

cytometer on different days. The change in median fluorescence intensity (MFI) over time is

shown. The change was calculated as percentage of the MFI at day 2 (n = 2).

(DOCX)

S3 Fig. Effect of temperature on platelet function testing by flow cytometry. Immediately

after blood collection, blood was stored at 37˚C (panel A) or RT (panel B) for 30 minutes.

Platelet activation was tested in a control condition (grey) and after activation with TRAP

(blue), CRP (green) or ADP (red) for 20 minutes at 37˚C (panel A) or RT (panel B). The fluo-

rescence histograms of αIIbβ3 receptor activation (left panels) and P-selectin expression (right

panels) of one representative experiment are shown.

(DOCX)

S4 Fig. Normalisation of data to compare results measured on different flow cytometers.

Samples of 126 donors were measured on an Accuri and on a FACSCanto flow cytometer.

Both αIIbβ3 receptor activation (panels A-B) and P-selectin expression (panels C-D) of the
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first 50 donors are presented as MFI values (panels A and C) and normalized data (panels B

and D).

(DOCX)

S5 Fig. Effect of sex on platelet activation. Both αIIbβ3 receptor activation and P-selectin

expression in response to TRAP, CRP and ADP was determined in blood of 129 healthy volun-

teers. Normalized data were calculated for males (n = 66) and females (n = 63). Median and

IQR are indicated. The grey areas delineated by the dotted lines represent the reference inter-

vals of the total population (2.5 percentile– 97.5 percentile). Because platelet activation in

response to ADP was significantly higher in females, reference intervals for males (blue) and

females (red) were indicated. �� p< 0.01; ��� p< 0.001 using the Mann-Whitney u test.

(DOCX)

S1 Database. Database. All raw data underlying Figs 1–3, Tables 1–4 and S1, S2, S4 and S5

Figs are included in the database.

(DOCX)

Acknowledgments

We would like to thank S. Bloemen, S. Zwaveling, A. Miszta and C. Kicken for their help with

blood drawings and M. Boertien for technical assistance.

Author Contributions

Conceptualization: Dana Huskens, Mark Roest.

Formal analysis: Dana Huskens.

Investigation: Dana Huskens, Yaqiu Sang, Joke Konings, Lisa van der Vorm.

Methodology: Dana Huskens.

Project administration: Dana Huskens, Hilde Kelchtermans.

Resources: Hilde Kelchtermans.

Supervision: Hilde Kelchtermans, Mark Roest.

Validation: Dana Huskens.

Visualization: Dana Huskens.

Writing – original draft: Dana Huskens.

Writing – review & editing: Dana Huskens, Yaqiu Sang, Joke Konings, Lisa van der Vorm,

Bas de Laat, Hilde Kelchtermans, Mark Roest.

References
1. Michelson AD. Platelets 3rd ed ed. Netherlands: Amsterdam: Academic Press; 2013.

2. Born GV, Cross MJ. The aggregation of blood platelets. J Physiol. 1963; 168:178–95. PMID: 14056485

3. Femia EA, Scavone M, Lecchi A, Cattaneo M. Effect of platelet count on platelet aggregation measured

with impedance aggregometry (Multiplate analyzer) and with light transmission aggregometry. J

Thromb Haemost. 2013; 11(12):2193–6. https://doi.org/10.1111/jth.12432 PMID: 24148217

4. Paniccia R, Priora R, Liotta AA, Abbate R. Platelet function tests: a comparative review. Vasc Health

Risk Manag. 2015; 11:133–48. https://doi.org/10.2147/VHRM.S44469 PMID: 25733843

5. Michelson AD. Platelet function testing in cardiovascular diseases. Circulation. 2004; 110(19):e489–93.

https://doi.org/10.1161/01.CIR.0000147228.29325.F9 PMID: 15533872

Reference ranges for platelet function

PLOS ONE | https://doi.org/10.1371/journal.pone.0192079 February 1, 2018 14 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0192079.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0192079.s006
http://www.ncbi.nlm.nih.gov/pubmed/14056485
https://doi.org/10.1111/jth.12432
http://www.ncbi.nlm.nih.gov/pubmed/24148217
https://doi.org/10.2147/VHRM.S44469
http://www.ncbi.nlm.nih.gov/pubmed/25733843
https://doi.org/10.1161/01.CIR.0000147228.29325.F9
http://www.ncbi.nlm.nih.gov/pubmed/15533872
https://doi.org/10.1371/journal.pone.0192079


6. Shattil SJ, Cunningham M, Hoxie JA. Detection of activated platelets in whole blood using activation-

dependent monoclonal antibodies and flow cytometry. Blood. 1987; 70(1):307–15. PMID: 3297204

7. Gresele P, Harrison P, Bury L, Falcinelli E, Gachet C, Hayward CP, et al. Diagnosis of suspected inher-

ited platelet function disorders: results of a worldwide survey. J Thromb Haemost. 2014; 12(9):1562–9.

https://doi.org/10.1111/jth.12650 PMID: 24976115

8. Gresele P. Diagnosis of inherited platelet function disorders: guidance from the SSC of the ISTH. J

Thromb Haemost. 2015; 13(2):314–22. https://doi.org/10.1111/jth.12792 PMID: 25403439

9. Dovlatova N, Lordkipanidze M, Lowe GC, Dawood B, May J, Heptinstall S, et al. Evaluation of a whole

blood remote platelet function test for the diagnosis of mild bleeding disorders. J Thromb Haemost.

2014; 12(5):660–5. https://doi.org/10.1111/jth.12555 PMID: 24618131

10. Michelson AD. Platelets. San Diego: Academic Press; 2002.

11. Minamino T, Kitakaze M, Sanada S, Asanuama H, Kurotobi T, Koretsune Y, et al. Increased expression

of P-selectin on platelets is a risk factor for silent cerebral infarction in patients with atrial fibrillation: role

of nitric oxide. Circulation. 1998; 98(17):1721–7. PMID: 9788825

12. LaRosa CA, Rohrer MJ, Benoit SE, Rodino LJ, Barnard MR, Michelson AD. Human neutrophil cathep-

sin G is a potent platelet activator. J Vasc Surg. 1994; 19(2):306–18; discussion 18–9. PMID: 7509416

13. Santos MT, Valles J, Marcus AJ, Safier LB, Broekman MJ, Islam N, et al. Enhancement of platelet reac-

tivity and modulation of eicosanoid production by intact erythrocytes. A new approach to platelet activa-

tion and recruitment. J Clin Invest. 1991; 87(2):571–80. https://doi.org/10.1172/JCI115032 PMID:

1991840

14. McEver RP. Selectins. Curr Opin Immunol. 1994; 6(1):75–84. PMID: 7513527

15. Kappelmayer J, Nagy B Jr., Miszti-Blasius K, Hevessy Z, Setiadi H. The emerging value of P-selectin as

a disease marker. Clin Chem Lab Med. 2004; 42(5):475–86. https://doi.org/10.1515/CCLM.2004.082

PMID: 15202782

16. Shattil SJ, Hoxie JA, Cunningham M, Brass LF. Changes in the platelet membrane glycoprotein IIb.IIIa

complex during platelet activation. J Biol Chem. 1985; 260(20):11107–14. PMID: 2411729

17. Frelinger ALr, Grace RF, Gerrits AJ, Berny-Lang MA, Brown T, Carmichael SL, et al. Platelet function

tests, independent of platelet count, are associated with bleeding severity in ITP. Blood. 2015; 126

(7):873–9. https://doi.org/10.1182/blood-2015-02-628461 PMID: 26138687

18. Kicken CH, Roest M, Henskens YM, de Laat B, Huskens D. Application of an optimized flow cytometry-

based quantification of Platelet Activation (PACT): Monitoring platelet activation in platelet concen-

trates. PLoS One. 2017; 12(2):e0172265. https://doi.org/10.1371/journal.pone.0172265 PMID:

28207883

19. Rajasekhar D, Barnard MR, Bednarek FJ, Michelson AD. Platelet hyporeactivity in very low birth weight

neonates. Thromb Haemost. 1997; 77(5):1002–7. PMID: 9184418

20. Bednarek FJ, Bean S, Barnard MR, Frelinger AL, Michelson AD. The platelet hyporeactivity of

extremely low birth weight neonates is age-dependent. Thromb Res. 2009; 124(1):42–5. https://doi.org/

10.1016/j.thromres.2008.10.004 PMID: 19026437

21. Harrison P, Mackie I, Mumford A, Briggs C, Liesner R, Winter M, et al. Guidelines for the laboratory

investigation of heritable disorders of platelet function. Br J Haematol. 2011; 155(1):30–44. https://doi.

org/10.1111/j.1365-2141.2011.08793.x PMID: 21790527

22. Kaiser AF, Neubauer H, Franken CC, Kruger JC, Mugge A, Meves SH. Which is the best anticoagulant

for whole blood aggregometry platelet function testing? Comparison of six anticoagulants and diverse

storage conditions. Platelets. 2012; 23(5):359–67. https://doi.org/10.3109/09537104.2011.624211

PMID: 21999185

23. Faraday N, Rosenfeld BA. In vitro hypothermia enhances platelet GPIIb-IIIa activation and P-selectin

expression. Anesthesiology. 1998; 88(6):1579–85. PMID: 9637652

24. Maurer-Spurej E, Pfeiler G, Maurer N, Lindner H, Glatter O, Devine DV. Room temperature activates

human blood platelets. Lab Invest. 2001; 81(4):581–92. PMID: 11304578

25. Rubak P, Nissen PH, Kristensen SD, Hvas AM. Investigation of platelet function and platelet disorders

using flow cytometry. Platelets. 2016; 27(1):66–74. https://doi.org/10.3109/09537104.2015.1032919

PMID: 25901600

26. CLSI and IFCC C-Ad. Defining, establishing and verifying reference intervals in the clinical laboratory:

approved guideline-third edition. 2008; 28:1–76.

27. Ramstrom S, Sodergren AL, Tynngard N, Lindahl TL. Platelet Function Determined by Flow Cytometry:

New Perspectives? Semin Thromb Hemost. 2016; 42(3):268–81. https://doi.org/10.1055/s-0035-

1570082 PMID: 26886398

Reference ranges for platelet function

PLOS ONE | https://doi.org/10.1371/journal.pone.0192079 February 1, 2018 15 / 16

http://www.ncbi.nlm.nih.gov/pubmed/3297204
https://doi.org/10.1111/jth.12650
http://www.ncbi.nlm.nih.gov/pubmed/24976115
https://doi.org/10.1111/jth.12792
http://www.ncbi.nlm.nih.gov/pubmed/25403439
https://doi.org/10.1111/jth.12555
http://www.ncbi.nlm.nih.gov/pubmed/24618131
http://www.ncbi.nlm.nih.gov/pubmed/9788825
http://www.ncbi.nlm.nih.gov/pubmed/7509416
https://doi.org/10.1172/JCI115032
http://www.ncbi.nlm.nih.gov/pubmed/1991840
http://www.ncbi.nlm.nih.gov/pubmed/7513527
https://doi.org/10.1515/CCLM.2004.082
http://www.ncbi.nlm.nih.gov/pubmed/15202782
http://www.ncbi.nlm.nih.gov/pubmed/2411729
https://doi.org/10.1182/blood-2015-02-628461
http://www.ncbi.nlm.nih.gov/pubmed/26138687
https://doi.org/10.1371/journal.pone.0172265
http://www.ncbi.nlm.nih.gov/pubmed/28207883
http://www.ncbi.nlm.nih.gov/pubmed/9184418
https://doi.org/10.1016/j.thromres.2008.10.004
https://doi.org/10.1016/j.thromres.2008.10.004
http://www.ncbi.nlm.nih.gov/pubmed/19026437
https://doi.org/10.1111/j.1365-2141.2011.08793.x
https://doi.org/10.1111/j.1365-2141.2011.08793.x
http://www.ncbi.nlm.nih.gov/pubmed/21790527
https://doi.org/10.3109/09537104.2011.624211
http://www.ncbi.nlm.nih.gov/pubmed/21999185
http://www.ncbi.nlm.nih.gov/pubmed/9637652
http://www.ncbi.nlm.nih.gov/pubmed/11304578
https://doi.org/10.3109/09537104.2015.1032919
http://www.ncbi.nlm.nih.gov/pubmed/25901600
https://doi.org/10.1055/s-0035-1570082
https://doi.org/10.1055/s-0035-1570082
http://www.ncbi.nlm.nih.gov/pubmed/26886398
https://doi.org/10.1371/journal.pone.0192079


28. Schmitz G, Rothe G, Ruf A, Barlage S, Tschope D, Clemetson KJ, et al. European Working Group on

Clinical Cell Analysis: Consensus protocol for the flow cytometric characterisation of platelet function.

Thromb Haemost. 1998; 79(5):885–96. PMID: 9609215

29. Michelson AD, Barnard MR, Krueger LA, Frelinger AL 3rd, Furman MI. Evaluation of platelet function by

flow cytometry. Methods. 2000; 21(3):259–70. https://doi.org/10.1006/meth.2000.1006 PMID:

10873480

30. Krueger LA, Barnard MR, Frelinger AL 3rd, Furman MI, Michelson AD. Immunophenotypic analysis of

platelets. Curr Protoc Cytom. 2002; 6:Unit 6.10. https://doi.org/10.1002/0471142956.cy0610s19 PMID:

18770767

31. Roest M, van Holten TC, Fleurke GJ, Remijn JA. Platelet Activation Test in Unprocessed Blood (Pac-t-

UB) to Monitor Platelet Concentrates and Whole Blood of Thrombocytopenic Patients. Transfus Med

Hemother. 2013; 40(2):117–25. https://doi.org/10.1159/000350688 PMID: 23652405

32. Boknas N, Ramstrom S, Faxalv L, Lindahl TL. Flow cytometry-based platelet function testing is predic-

tive of symptom burden in a cohort of bleeders. Platelets. 2017:1–8. https://doi.org/10.1080/09537104.

2017.1349305 PMID: 28895772

33. Scharbert G, Kalb M, Marschalek C, Kozek-Langenecker SA. The effects of test temperature and stor-

age temperature on platelet aggregation: a whole blood in vitro study. Anesth Analg. 2006; 102

(4):1280–4. https://doi.org/10.1213/01.ane.0000199399.04496.6d PMID: 16551937

34. Johnson M, Ramey E, Ramwell PW. Sex and age differences in human platelet aggregation. Nature.

1975; 253(5490):355–7. PMID: 1110780

35. Becker DM, Segal J, Vaidya D, Yanek LR, Herrera-Galeano JE, Bray PF, et al. Sex differences in plate-

let reactivity and response to low-dose aspirin therapy. JAMA. 2006; 295(12):1420–7. https://doi.org/

10.1001/jama.295.12.1420 PMID: 16551714

36. Faraday N, Goldschmidt-Clermont PJ, Bray PF. Gender differences in platelet GPIIb-IIIa activation.

Thromb Haemost. 1997; 77(4):748–54. PMID: 9134654

37. Beyan C, Kaptan K, Ifran A, Savasci S, Ozturk Y, Okmen B. Effect of sex difference on platelet aggrega-

tion using an optical method in healthy subjects. Clin Lab Haematol. 2006; 28(1):14–6. https://doi.org/

10.1111/j.1365-2257.2006.00742.x PMID: 16430454

38. Neuger J, El Khoury A, Kjellman BF, Wahlund B, Aberg-Wistedt A, Stain-Malmgren R. Platelet seroto-

nin functions in untreated major depression. Psychiatry Res. 1999; 85(2):189–98. PMID: 10220009

39. Nies AS, Andros EA, Gerber JG. Platelet alpha 2-adrenergic receptor responsiveness is increased in

elderly men but not in elderly women. Clin Pharmacol Ther. 1992; 52(6):605–8. PMID: 1333933

40. Loncar R, Zotz RB, Sucker C, Vodovnik A, Mihalj M, Scharf RE. Platelet adhesion onto immobilized

fibrinogen under arterial and venous in-vitro flow conditions does not significantly differ between men

and women. Thromb J. 2007; 5:5. https://doi.org/10.1186/1477-9560-5-5 PMID: 17462088

41. Jones CI. Platelet function and ageing. Mamm Genome. 2016; 27(7–8):358–66. https://doi.org/10.

1007/s00335-016-9629-8 PMID: 27068925

42. Rubak P, Villadsen K, Hvas AM. Reference intervals for platelet aggregation assessed by multiple elec-

trode platelet aggregometry. Thromb Res. 2012; 130(3):420–3. https://doi.org/10.1016/j.thromres.

2012.06.017 PMID: 22809844

43. Rudez G, Meijer P, Spronk HM, Leebeek FW, ten Cate H, Kluft C, et al. Biological variation in inflamma-

tory and hemostatic markers. J Thromb Haemost. 2009; 7(8):1247–55. https://doi.org/10.1111/j.1538-

7836.2009.03488.x PMID: 19566543

44. Peerschke EI, Castellone DD, Stroobants AK, Francis J. Reference range determination for whole-

blood platelet aggregation using the Multiplate analyzer. Am J Clin Pathol. 2014; 142(5):647–56. https://

doi.org/10.1309/AJCPP43SEYCBJLHJ PMID: 25319980

45. Handin RIL, Lux S. E.; Stossel T. P. Blood: principles and practice of hematology. 1st ed. Philadelphia,

PA: Lippincott Williams & Wilkins; 1995.

Reference ranges for platelet function

PLOS ONE | https://doi.org/10.1371/journal.pone.0192079 February 1, 2018 16 / 16

http://www.ncbi.nlm.nih.gov/pubmed/9609215
https://doi.org/10.1006/meth.2000.1006
http://www.ncbi.nlm.nih.gov/pubmed/10873480
https://doi.org/10.1002/0471142956.cy0610s19
http://www.ncbi.nlm.nih.gov/pubmed/18770767
https://doi.org/10.1159/000350688
http://www.ncbi.nlm.nih.gov/pubmed/23652405
https://doi.org/10.1080/09537104.2017.1349305
https://doi.org/10.1080/09537104.2017.1349305
http://www.ncbi.nlm.nih.gov/pubmed/28895772
https://doi.org/10.1213/01.ane.0000199399.04496.6d
http://www.ncbi.nlm.nih.gov/pubmed/16551937
http://www.ncbi.nlm.nih.gov/pubmed/1110780
https://doi.org/10.1001/jama.295.12.1420
https://doi.org/10.1001/jama.295.12.1420
http://www.ncbi.nlm.nih.gov/pubmed/16551714
http://www.ncbi.nlm.nih.gov/pubmed/9134654
https://doi.org/10.1111/j.1365-2257.2006.00742.x
https://doi.org/10.1111/j.1365-2257.2006.00742.x
http://www.ncbi.nlm.nih.gov/pubmed/16430454
http://www.ncbi.nlm.nih.gov/pubmed/10220009
http://www.ncbi.nlm.nih.gov/pubmed/1333933
https://doi.org/10.1186/1477-9560-5-5
http://www.ncbi.nlm.nih.gov/pubmed/17462088
https://doi.org/10.1007/s00335-016-9629-8
https://doi.org/10.1007/s00335-016-9629-8
http://www.ncbi.nlm.nih.gov/pubmed/27068925
https://doi.org/10.1016/j.thromres.2012.06.017
https://doi.org/10.1016/j.thromres.2012.06.017
http://www.ncbi.nlm.nih.gov/pubmed/22809844
https://doi.org/10.1111/j.1538-7836.2009.03488.x
https://doi.org/10.1111/j.1538-7836.2009.03488.x
http://www.ncbi.nlm.nih.gov/pubmed/19566543
https://doi.org/10.1309/AJCPP43SEYCBJLHJ
https://doi.org/10.1309/AJCPP43SEYCBJLHJ
http://www.ncbi.nlm.nih.gov/pubmed/25319980
https://doi.org/10.1371/journal.pone.0192079

