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Abstract: Platelet count, indices (mean volume, young—immature platelet fraction) and aggregation
are widely used laboratory parameters to investigate primary hemostasis. We performed a systematic,
thorough evaluation of the influence of the time-interval since blood draw from 20 healthy individuals
and of the anticoagulation of collected blood on such parameters. Blood was anticoagulated with
citrate, K2-ethylenediaminetetraacetic acid (EDTA) and hirudin and analyzed 5, 30, 60, 120 and
180 min after blood draw. Multiple electrode aggregometry (MEA) was performed with either
hirudin (half-diluted with NaCl) or citrate samples (half-diluted with NaCl or CaCl2 3 mM). Platelet
count and indices (Sysmex XN-20) were rather stable over time with EDTA blood. MEA results
were lower with citrate blood than with hirudin blood; supplementation with calcium was partially
compensatory. MEA results were also lower when performed less than 30 or more than 120 min
after blood draw. Platelet clumping, quantitatively estimated with microscope examination of blood
smears, was more important in hirudin blood than citrate or EDTA blood and could explain some of
the differences observed between preanalytical variables. The results stress once more the importance
of preanalytical variables in hemostasis laboratory testing. Decision thresholds based on those tests
are only applicable within specific preanalytical conditions.

Keywords: platelet count; MPV; IPF; multiplate; platelet function; aggregometry; preanalytical;
anticoagulant; citrate; hirudin
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1. Introduction

Platelets are a central component of hemostasis under normal and pathological conditions and play
an important role in both hemorrhagic and thrombotic disorders. Therefore, platelet tests can be critical
for clinical decision-making. Indeed, platelet count is an essential tool for the diagnosis and follow-up
of thrombocytopenic diseases and a main trigger of platelet transfusion in hemorrhagic disorders.
Increased mean platelet volume (MPV) has been used for differential diagnosis of thrombocytopenia
and as a biomarker of prothrombotic states, cardiovascular diseases and mortality in patients with
sepsis, to name a few potential clinical applications [1–3]. The immature platelet fraction (IPF) is
deemed a surrogate of bone marrow production of platelets. It has been used to differentiate peripheral
and central causes of thrombocytopenia and to identify the resumption of thrombopoiesis after
myelosuppression, for example to decide whether platelet transfusion was necessary [4–6]. Platelet
function testing (PFT) has been used to individually tailor antiplatelet drug therapy in high-risk patients,
to ensure the absence of residual effect of antiplatelet drugs before surgery or to screen for platelet
function disorders [7–9]. As all those laboratory parameters have been used for clinical diagnosis,
prognosis and treatment, their accurate measurement is essential for reliable clinical management.

The preanalytical phase is the most critical part of the analyzing process in laboratory
hemostasis [10]. Several parameters such as blood collection technique, processing, transport,
storage conditions and duration can influence the results and contribute to increase both intra- and
inter-laboratory variability [10]. One specific issue regarding platelets is their propensity to stick
together in the collected blood sample, whatever the mechanism is—genuine aggregation or mere
agglutination [11]; in the following text, we will use the word “clump” to remain purely descriptive.
Clinical guidelines usually lack details on the suitable preanalytical conditions [7,12]. For instance,
for PFT using multiple electrode impedance aggregometry (MEA), the manufacturer recommends
performing the analysis between 30 and 180 min after blood draw and to use hirudin containing
tubes, as chelation of calcium ions by citrate would reduce platelet aggregation [13]. However, in
clinical practice, citrate tubes are often used. Some proposed to supplement the sample with CaCl2 to
mitigate the effect of calcium chelation on platelet reactivity, even if few data support this practice [14].
For complete blood count and derived indices, K2- or K3-ethylenediaminetetraacetic acid (EDTA) tubes
are recommended [15]. However, no specific time-interval between blood draw and measurement
has been clearly specified. The influence of anticoagulants or time-intervals since blood draw on
platelet count, indices and function measurement has only been sparsely studied so far, with sometimes
conflicting results. The impact of these variables should therefore be studied more comprehensively
in order to define the optimal preanalytical conditions. This could minimize the variability of the
measurements and increase the relevance of resulting clinical decisions.

The aim of this study was to assess the effect of two preanalytical variables, the type of anticoagulant
used and the time elapsed between blood draw and analysis on platelet count (impedance (PLT-I)),
so-called optical (PLT-O) method, fluorescence (PLT-F) method [16]) and MPV (impedance method),
IPF, all measured with a Sysmex XN-20 cell counter, and MEA testing. We also explored whether
the platelet count or the formation of platelet clumps and its extent could explain at least part of the
differences observed for those tests between preanalytical conditions.

2. Materials and Methods

This study was approved by the Ethics Committee of the CHU UCL Namur (NUB: B03920096633).
Twenty healthy volunteers have been included after providing written informed consent. Individuals
who had taken aspirin, nonsteroidal anti-inflammatory drugs or any other drug that could alter platelet
function in the previous 10 days were excluded. All blood samples were drawn and analyzed at the
CHU UCL Namur (Godinne site, Yvoir, Belgium).

Blood was drawn directly within the central laboratory by venipuncture of an antebrachial vein
using 20 G needles (Terumo®, Tokyo, Japan). The following order was used: one discard tube for
the first milliliters of blood, four 3.5 mL plastic tubes (polypropylene) containing sodium citrate
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109 mM (1:9 v/v) as anticoagulant (Vacuette®, Greiner Bio One®, Kremsmünster, Austria), one 4 mL
plastic tube (polyethylene terephtalate) containing dried sprayed K2-ethylenediaminetetraacetic
acid (EDTA) as anticoagulant (Vacuette®, Greiner Bio One®, Kremsmünster, Austria) and five
3 mL plastic tubes (polypropylene) containing dried sprayed recombinant hirudin as anticoagulant
(concentration 25 µg/mL; Roche diagnostics, Basel, Switzerland). The tourniquet was kept in place for
less than 60 s and released during the filling of the discard tube. Three gentle inversions of the tubes
were performed to ensure the proper mixing of blood with the anticoagulant. Platelet count, indices
(MPV and IPF) and aggregation were analyzed at five time points after blood draw—5, 30, 60, 120 and
180 min. Blood samples were stored statically at room temperature (22.8 ◦C ± 0.5 during the study
period) between the tests and homogenized with eight gentle inversions before each test.

Platelet count and platelet indices (MPV, IPF) were measured at the same five time points with
blood anticoagulated either with sodium citrate, K2-EDTA or hirudin (Figure 1). Measurements were
performed with a Sysmex® XN-20 analyzer (Sysmex®, Kobe, Japan; IPU version 22.00-00) according
to manufacturer’s recommendations. Platelet count was determined with impedance, so-called
optical (RET—reticulocyte—channel, using polymethine as dye) and fluorescence (specific channel and
reagents dedicated to platelet counting, using oxazine as dye) methods and expressed as G/L [17,18].
Platelet counts of citrate blood were corrected by multiplying the result by 1/0.9 to account for the
dilution of the sample. MPV (measured in fL) was determined with impedance method and IPF
(expressed as the ratio of young platelets to total number of platelets) with the fluorescence method.
The Sysmex flags and Qflags (relative scale from 0 to 300) for the presence of platelet clumps were
also recorded.
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Figure 1. Study design. Empty boxes just repeat the same elements as adjacent boxes. MEA:
multiple electrode aggregometry; MPV: mean platelet volume; IPF: immature platelet fraction;
EDTA: ethylenediaminetetraacetic acid; ADP: adenosine diphosphate; TRAP: thrombin receptor
activating peptide.

Platelet aggregation was studied in whole blood with MEA using two Multiplate® analyzers
according to manufacturer’s recommendations (Roche diagnostics, Basel, Switzerland) [19,20].
Briefly, 300 µL of whole blood were incubated with 300 µL of dilution solution (see below) to optimize
the impedance measurement [21]. Then, platelets were activated with adenosine diphosphate
(ADP; final concentration: 6.5 µM; ADP test) or thrombin receptor activating peptide 6 (TRAP; final
concentration: 32 µM; TRAP test). All reagents were provided by the manufacturer (Roche diagnostics).
Platelet response was evaluated by the area under the curve of the impedance changes over time
and expressed in arbitrary units (U). Three anticoagulation conditions were simultaneously tested
(tests were run on three wells in parallel): (i) hirudin in the sample tube, diluted with NaCl 154 mM 1:1
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v/v before analysis, (ii) sodium citrate in the sample tube, diluted with NaCl 154 mM 1:1 v/v before
analysis, and (iii) sodium citrate in the sample tube, diluted with NaCl 154 mM + CaCl2 3 mM 1:1
v/v before analysis. At each time point, 2 MEA tests (with ADP and TRAP) were performed for each
blood sample and each anticoagulation condition, resulting in 30 analyses per subject and a total of
600 analyses for the 20 subjects (Figure 1).

Finally, a quantitative estimate of platelet clumping was made by counting platelets remained
isolated and those in clumps with optical microscopy (OM) at each time point, for the three types of
anticoagulated blood used for platelet count and indices (citrate, EDTA or hirudin), by the same operator.
Blood was smeared onto a glass slide and dried, and eventually colored using May–Grunwald–Giemsa
stain. Isolated and clumped platelets were counted at the feather edge in ten adjacent fields using a
Miller reticle [11]. We calculated the relative proportion of clumped platelets to the total number of
platelets (sum of clumped and isolated ones). This index was chosen because it is independent of the
slide preparation technique (spreading of blood components).

All analyses were performed with the same batches of reagents. The same tube was used for the
measurement of platelet count, platelet indices (MPV, IPF) and platelet clumps. Four hirudin tubes
and three citrate tubes were used per patient to perform MEA analysis. Blood from those tubes has not
been pooled to avoid an additional preanalytical step that could have impacted the result.

Statistical Analysis

Mean differences (and relative differences (%)) between pre-analytical conditions are given with
their 95% confidence intervals. The effect of the two study variables was evaluated using a linear
mixed model accounting for the random effect of subjects [22]. A subject-specific intercept was used
for modeling the effect of the anticoagulant and the time-interval between blood draw and analysis on
each MEA test (ADP and TRAP). The fit of the model was evaluated graphically. The global effect of
both study variables, as well as differences between time points and anticoagulation conditions were
estimated by likelihood ratio (LR) tests. The same methodology was applied to platelet count (with the
method of platelet counting—impedance, optical or fluorescence—as a third variable), to MPV and IPF
measurements. Then, we evaluated whether the platelet count could explain baseline differences of
MPV, IPF and platelet reactivity between subjects (using conventional linear models), and whether the
percentage of platelet within clumps could explain variations of platelet count, MPV and IPF observed
between time-intervals and anticoagulants (using linear mixed models as previously).

To evaluate the clinical impact of the differences observed between preanalytical conditions, we
calculated the reference change values (RCV) for each test (CVa: analytical coefficient of variation, CVi:
intra-individual coefficient of variation) [23]:

RCV = 1.96 ×
√

2 ×
√

(CVa2 + CVi2) (1)

As compared analyses were performed with the same blood draw under different pre-analytical
conditions, CVi is nonexistent and RCV formula can be simplified by eliminating intra-individual
variability (CVi = 0). The clinically acceptable difference between two measurements of the same
sample is then called the critical difference (CD) [24]:

CD = 1.96 ×
√

(2 × CVa2) = 2.77 × CVa (2)

For platelet count, MPV and IPF, CVas were calculated from daily quality controls performed on
the Sysmex analyzer (n = 62). For MEA, we calculated CVa from quintuplicate tests performed on
eight different samples using the same batches of reagents as those used in the present study. Based on
these CVas, CDs were 6% for platelet count, 4% for MPV, 9% for IPF, 19% for ADP-MEA and 12% for
TRAP-MEA. The changes were thus defined as clinically acceptable if the observed mean differences
were lower than predetermined CDs.
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The sample size required was been calculated for MEA analysis. Based on internal validation
data, we calculated that a sample size of 20 patients would be enough to identify differences of at
least 10% (for TRAP MEA) or 15% (for ADP MEA) between the different preanalytical conditions we
studied, with a power greater than 80% (for alpha = 0.05). All statistical analyses were performed in R
(version 3.6.1) [25], using nlme package (version 3.1–140); ggplot2 package (version 3.2.1) was used to
construct graphs.

3. Results

Twenty healthy volunteers were enrolled in this study (median age 35 years (from 21 to 61),
16/20 females). For one subject, PLT-I and MPV measurements and MEA analysis were not feasible at
180 min due to too low residual blood volume in hirudin tubes.

3.1. Platelet Count

Globally, we observed a statistically and clinically significant reduction in apparent platelet count
as time from blood draw passed (p < 0.001, LR test). This effect was more pronounced for hirudin
blood than for citrate blood and was negligible with EDTA blood (Figure 2). For example, platelet
count at 60 min was lowered by 19 G/L (95% CI: 8–29) and 79 G/L (95% CI: 69–89), compared to platelet
count at 5 min in citrate and hirudin blood samples, respectively (Table S1).
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We also identified a statistically and clinically significant difference of apparent platelet counts
between the three anticoagulants (p < 0.001, LR test), except when analysis was performed within
5 min after blood draw by optical or fluorescence methods (Table S2). Platelet count was indeed higher
when measured with EDTA blood, by comparison with citrate blood, and lower with hirudin blood,
by comparison with the latter. The effect of the anticoagulants was also significantly different for the
different methods of measurement (p < 0.001, LR test) (Figure 2). Of note, the fluorescence method
measured higher platelet counts than the two others (Table S3).

We found a significant association between platelet count and percentage of platelets within
clumps (p < 0.001, LR test; Figure 3). The effect of platelet clumps on platelet count was more
pronounced when platelets were counted by impedance method than when they were counted by
optical or fluorescence methods (p < 0.001, LR test).
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lines/bars with hirudin. We can observe that platelet count is partly varying in relation to the percentage
of platelets within clumps.

3.2. Platelet Indices

Globally, the type of anticoagulant had a statistically and clinically significant effect on MPV
and IPF measurements (p < 0.001, LR test; Figure 4). MPV measured with citrated blood was lower
than MPV measured with EDTA or hirudin blood (p < 0.001, LR test). For example, MPV measured
60 min after blood draw with citrate blood was 0.77 and 0.87 fL lower than MPV measured with EDTA
and hirudin blood, respectively (Table S4). However, there was no statistically significant difference
between EDTA and hirudin samples. With blood drawn into hirudin tubes, there was a higher IPF
than blood drawn into citrate and K2-EDTA tubes (p < 0.001, LR test; Figure 4B). For example, IPF
measured 60 min after blood draw with hirudin blood was 2% higher than IPF measured with EDTA
and citrate blood (Table S5). There was no statistically significant difference in IPF measurements
between citrate and EDTA blood.

We also observed a statistically and clinically significant increase in MPV and IPF measurement
over time (p < 0.001, LR test), except for IPF when blood was anticoagulated with EDTA (Tables 1
and 2).

At baseline, we identified a significant increase in MPV and IPF with decreasing platelet counts
(p < 0.001, Student t-test). On the whole, there was also a significant association between the percentage
of platelets within clumps and both MPV and IPF (p < 0.001, LR test).
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Table 1. Effect of the time elapsed between blood draw and MPV measurement (expressed in fL) for
each anticoagulant. Measurements at five minutes after blood draw are used as the reference. Mean
difference, relative difference (%) and 95% confidence interval for the mean difference are given for
each value.

5 min 30 min
(vs. 5 min)

60 min
(vs. 5 min)

120 min
(vs. 5 min)

180 min
(vs. 5 min)

EDTA 0 0.4 (3.8%)
(0.3; 0.5) *** 0.6 (6.2%)

(0.5; 0.7) *** 0.7 (7.2%)
(0.6; 0.8) *** 0.8 (7.9%)

(0.7; 0.9) ***

Hirudin 0 0.6 (6.2%)
(0.5; 0.7) *** 0.7 (7.6%)

(0.6; 0.8) *** 0.7 (8.0%)
(0.6; 0.9) *** 0.9 (9.2%)

(0.7; 1.0) ***

Citrate 0 0.6 (7.4%)
(0.5; 0.8) *** 0.6 (6.9%)

(0.5; 0.7) *** 0.8 (9.0%)
(0.7; 0.9) *** 0.7 (8.4%)

(0.6; 0.9) ***

p < 0.05 (*), < 0.01(**), < 0.001 (***). EDTA: ethylenediaminetetraacetic acid.

Table 2. Effect of the time elapsed between blood draw and IPF measurement (expressed as the
percentage of young platelets to total number of platelets) for each anticoagulant. Measurements at
five minutes after blood draw are used as the reference. Mean difference, relative difference (%) and
95% confidence interval for the mean difference are given for each value.

5 min 30 min
(vs. 5 min)

60 min
(vs. 5 min)

120 min
(vs. 5 min)

180 min
(vs. 5 min)

EDTA 0 0.1 (1.2%)
(−0.5; 0.6)

0.1 (3.3%)
(−0.4; 0.7)

0.1 (3.1%)
(−0.4; 0.7)

0.2 (4.0%)
(−0.4; 0.8)

Hirudin 0 2.0 (51.2%)
(1.4; 2.6) *** 2.3 (58.9%)

(1.7; 2.9) *** 2.5 (54.8%)
(1.9; 3.1) *** 2.7 (60.2%)

(2.1; 3.1) ***

Citrate 0 0.5 (19.1%)
(−0.05; 1.1)

0.7 (18.5%)
(0.1; 1.3) * 0.9 (23.4%)

(0.3; 1.5) ** 0.9 (22.4%)
(0.3; 1.5) **

p < 0.05 (*), < 0.01(**), < 0.001 (***).

3.3. Platelet Function—MEA

Both pre-analytical conditions studied (i.e., anticoagulation and time elapsed between blood
draw and analysis) significantly influenced MEA result (p < 0.001, LR test). The differences among
anticoagulation conditions were not the same at the different time points studied (p < 0.001, LR test).

The effect of time from blood draw until MEA analysis is represented in Table 3 and on Figure 5.
There was globally a statistically significant reduction in platelet reactivity when tests were performed
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within 5 min after blood draw, by comparison with tests performed afterwards. However, those
reductions were clinically acceptable for hirudin blood (the observed mean differences were lower
than predetermined CD (i.e., 19% for ADP tests and 12% for TRAP tests)). We observed a trend toward
a reduction in platelet reactivity as time from blood draw passed, which became statistically significant
after 60, 120 or 180 min, depending on the test performed and the anticoagulant used (Table 3); those
differences remained however clinically acceptable until 180 min for ADP tests (with all anticoagulants)
and for TRAP tests with hirudin blood and until 120 min for TRAP tests performed with citrate blood.

Table 3. Mean differences in MEA results at the five time points (30 min being the reference) for both
activators and under the three anticoagulant conditions. MEA values are expressed in arbitrary units.
Mean difference, relative difference (%) and 95% confidence interval for the mean difference are given
for each value.

5 min
(vs. 30 min) 30 min 60 min

(vs. 30 min)
120 min

(vs. 30 min)
180 min

(vs. 30 min)

ADP Citrate
+ NaCl

−9 (−19.9%)
(−15; −3) ** 0 1 (3.0%)

(−5; 7)
−0.2 (0.1%)

(−6; 6)
−9 (−17.1%)

(−15; −3) **

Citrate
+ CaCl2

−24 (−35.5%)
(−30; −18) *** 0 1 (2.6%)

(−5; 7)
4 (7.5%)
(−2; 10)

−2 (1.0%)
(−8; 4)

Hirudin −7 (−10.0%)
(−14; −1) * 0 4 (7.0%)

(−2; 10)
7 (11.6%)

(1; 13) * 6 (10.0%)
(−0.01; 12)

TRAP Citrate
+ NaCl

1 (1.3%)
(−6; 8) 0 −10 (−9.2%)

(−17; −3) ** −13 (−11.8%)
(−20; −6) *** −18 (−17.2%)

(−25; −11) ***

Citrate
+ CaCl2

−36 (−29.5%)
(−44; −29) *** 0 −7 (−5.8%)

(−14; 0.3)
−6 (−4.9%)

(−13; 1)
−15 (−12.1%)

(−22; −8) ***

Hirudin −11 (−8.1%)
(−18; −4) ** 0 −2 (−1.2%)

(−9; 5)
−10 (−6.8%)

(−17; −3) ** −14 (−9.2%)
(−21; −6) ***

p < 0.05 (*), p < 0.01 (**), p < 0.001 (***).
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Figure 5. Mean MEA values (U) according to the time elapsed between blood draw and testing. Blue
lines represent tests performed with blood samples anticoagulated with hirudin and diluted with NaCl,
purple lines with citrate and diluted with CaCl2 and red ones with citrate and diluted with NaCl. Bars
represent 95% CI of the mean.

MEA values were also significantly lower when citrate was used as anticoagulant (either diluted
with CaCl2 3 mM or NaCl 154 mM) by comparison with hirudin, for both MEA tests (ADP and TRAP;
p < 0.001, LR tests) (Figure 5), except for ADP tests performed 30 min after blood draw if CaCl2 is
used to dilute blood samples (Table 4). However, the differences observed between hirudin and citrate
samples diluted with CaCl2 were clinically acceptable between 30 and 180 min after blood draw for
ADP tests, and at 30 and 120 min for TRAP tests.
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Table 4. Mean differences in MEA results between the anticoagulants at the five time points. MEA
values are expressed in arbitrary units with the two activators ADP and TRAP. Mean difference, relative
difference (%) and 95% confidence interval for the mean difference are given for each value.

5 min 30 min 60 min 120 min 180 min

ADP
Citrate

+ CaCl2
(vs. Hirudin)

−20
(−30.3%)

(−26; −14)
*** −4 (−3.0%)

(−10; 2)
−7 (−6.3%)
(−13; −1) * −6 (−6.7%)

(−12; −0.4) * −11 (−8.3%)
(−17; −5) ***

Citrate
+ CaCl2

(vs. + NaCl)

3 (12.0%)
(−3; 9)

19 (41.5%)
(13; 25) *** 19 (41.9%)

(13; 25) *** 23 (52.1%)
(17; 29) *** 26 (76.7%)

(20; 32) ***

Citrate
+ NaCl

(vs. Hirudin)

−24 (35.5%)
(−30; −18) ***

−22
(−29.2%)

(−28; −16)
***

−26
(−32.3%)

(−32; −20)
***

−29
(−36.0%)

(−36; −23)
***

−37
(−44.6%)

(−43; −31)
***

TRAP
Citrate

+ CaCl2
(vs. Hirudin)

−40
(−30.1%)

(−47; −33)
*** −14 (−9.9%)

(−21; −7) ***
−19

(−14.0%)
(−26; −12)

*** −11 (−8.0%)
(−18; −3) **

−15
(−12.3%)
(−23; −8)

***

Citrate
+ CaCl2

(vs. + NaCl)

−20 (17.5%)
(−27; −13) *** 17 (18.5%)

(10; 25) *** 21 (23.4%)
(14; 28) *** 24 (27.9%)

(17; 31) *** 21 (27.0%)
(14; 28) ***

Citrate
+ NaCl

(vs. Hirudin)

−20
(−14.0%)

(−27; −13)
***

−32
(−23.4%)

(−39; −25)
***

−40
(−29.9%)

(−47; −33)
***

−35
(−27.5%)

(−42; −28)
***

−37
(−29.6%)

(−44; −29)
***

p < 0.05 (*), p < 0.01 (**), p < 0.001 (***).

Finally, at baseline, there was a weak association between lower platelet counts (measured with
EDTA blood) and reduced platelet reactivity for ADP test (R2 = 0.30, p < 0.001, Student t-test) and
TRAP test (R2 = 0.07, p = 0.04, Student t-test).

3.4. Platelet Clumps

In hirudin blood, there was an eight- and a tenfold increase in percentage of platelets within clumps
(measured by optical microscopy (OM)), by comparison with citrate and EDTA blood, respectively
(p < 0.001, LR test; Figure 6). This percentage increased mainly until 30 min (Figure S4). Of note,
we only observed a weak correlation between the percentage of platelets within clumps measured
by OM and Qflags for platelet clumps generated by the Sysmex analyzer (Spearman’s correlation
coefficient 0.47).
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4. Discussion

To the best of our knowledge, this is the first study assessing the effect of anticoagulants in the
sample tubes at five time points (up to 180 min) after blood draw on platelet count, indices and
function (impedance aggregometry in whole blood), and to evaluate the potential relationship of the
presence of platelets clumps with the results of those tests as well. On the whole, we confirm the effect
of preanalytical variables when performing platelet tests and therefore the importance of precisely
specifying the preanalytical conditions used when determining decision thresholds in clinical trials.

There are two main preanalytical issues regarding platelet investigation in the laboratory, related
to timing and anticoagulation: platelet changes (swelling, structural alterations) and clumping. In our
study we refer to clumping, which can be agglutination or genuine aggregation, if it is mediated by
fibrinogen binding to activated glycoprotein IIb-IIIa (GPIIb-IIIa). Regarding platelet enumeration,
EDTA is the most appropriate anticoagulant in the vast majority of circumstances, but this is at
the expense of structural changes. EDTA is inappropriate for platelet function testing, except for
ristocetin-induced agglutination with platelet rich plasma [26]. When facing artefactual agglutination
in EDTA blood, hirudin blood is not an option at all. Regarding platelet function testing, hirudin
anticoagulation is by contrast an attractive option because calcium and magnesium levels are kept at
their physiological levels, and hirudin is recommended for MEA. However, the occurrence of clumping
raises the question of potential sequelae for functional investigations in such a milieu (i.e., hirudin
whole blood).

Thus, we have chosen to start the discussion with the crucial issue of clumping, which we have
attempted to quantitatively estimate with OM examination of blood smears.

4.1. Platelet Clumps

Platelet clumps were far more frequent when hirudin was used in sample tubes, by comparison
with K2-EDTA and citrate. They formed mainly during the first 30 min after blood draw (Figure S4).
The higher propensity of platelets to clump in hirudin whole blood has already been reported and
was also found to persist over time, from 30 min to 24 h after blood draw [27]. Of note, the measured
percentage of platelets within clumps was highly variable over time, probably partly reflecting the
analytical variability (observer-dependent) associated with OM method. However, the formation of
platelet clumps can be partly spontaneously reversible, mainly with low concentrations of activators
and with normal calcium concentrations, such as in hirudin tubes [28]; this could explain the diminution
of clumps percentage over time observed in some samples. This is consistent with the fact that for
some subjects, the decrease in platelets within clumps percentage over time was accompanied with an
increase in platelet count (Figure 3).

4.2. Platelet Count

The most stable platelet count over the 3-h study time-interval (room temperature) was obtained
with EDTA. This is consistent with a previous study performed with EDTA blood, which failed
to identify a significant reduction in platelet count over a period of 180 min after blood draw [29].
However, we identified a progressive relevant reduction in measured platelet count when citrate or
hirudin was used as anticoagulant. This could be explained, partly at least, by platelet clumping. The
effect was more pronounced for blood drawn into hirudin tubes when clumping was also more likely.
Therefore, hirudin tubes should be avoided for the measurement of platelet count, unless the analysis
is performed immediately after blood draw. Of note, platelet count was also higher when sample
tubes were anticoagulated with EDTA, by comparison with hirudin and citrate, despite correction for
dilution of the sample by liquid citrate. At baseline, this finding was only statistically significant for
impedance platelet count and had already been reported [30]. Surprisingly, platelet count was lower
when analyzed by the so-called optical method, compared to fluorescence method, although both
methods are actually based on fluorescence counting (PLT-O are counted on the RET channel and
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PLT-F on a dedicated channel with different reagents). We also identified that impedance measurement
method was more sensitive to the presence of platelet clumps than optical and fluorescence methods.

Overall, these results are in line with the guidelines of the International Council for Standardization
in Haematology, which recommend the use of K2- or K3-EDTA tubes for the analysis of complete
blood count and derived parameters [15]. Citrate tubes may be used for platelet counting in case of
EDTA-induced pseudothrombocytopenia, but the clinician should be aware that the utilization of those
tubes is associated with lower platelet counts, even if the dilution is corrected.

4.3. Platelet Indices

As previously described by other authors, we identified a significant increase in MPV over time
since blood draw, occurring mainly during the first 30 min after blood draw. Citrate samples were
associated with significant smaller MPVs than hirudin and EDTA samples, as previously outlined by
Lancé et al. [31]. This could be explained by differences in blood resistivity induced by the different
anticoagulants or by a lower degree of platelet activation during blood draw and processing in citrate
tubes [32,33]. Indeed, Nishioka et al. identified a higher MPV increase in association with a higher
degree of platelet activation after agitation of EDTA blood, by comparison with citrate blood [33]. All
these changes were clinically significant (i.e., higher than the critical difference – CD, calculated at 5%).
Of note, as previously reported, we found that, at baseline, higher platelet counts were associated with
lower MPV, for all three anticoagulants [34,35]. Conservation of mass has been suggested to explain
this finding, stating that a higher number of platelets can be produced if their volume is reduced [34].

The modification of MPV by the anticoagulant of the sample tube has been repeatedly reported
and depends on the type and concentration of anticoagulant used [1,36]. This effect is due to platelets
swelling caused by the anticoagulant. However, the exact mechanism is not fully understood and
could include chelation of platelet membrane calcium ions by the anticoagulant [37]. This increase
in platelet volume over time has been reported mainly during the first 5 min of exposure to
anticoagulants [36]. Therefore, the anticoagulant used and the time elapsed before MPV measurement
should be standardized within a same laboratory and reference ranges determined accordingly,
especially when this index is needed for clinical decision.

Of note, swelling of platelets secondary to the anticoagulant has been reported to depend on
the method of assessment of MPV: MPV increased over time when assessed by impedance method
but decreased when assessed optically because of a reduced platelet density secondary to platelet
swelling [36]. A previous study also identified an initial transient decrease of MPV for analyses
performed immediately after blood draw, by comparison with analyses performed 30 min after; this
finding was explained by an initial platelet sphering. MPV was then slightly increasing over the next
three hours because of platelet swelling [29].

We also identified an increase in IPF measurement over time, except for EDTA samples. This could
be partly a consequence of the increase in MPV over time previously outlined, as young platelets are
larger than mature ones. However, IPF remained stable over time for EDTA samples despite an increased
MPV. More likely, this could be a consequence of the formation of platelet clumps over time, erroneously
measured as larger and denser immature platelets. This would be consistent with the more abundant
formation of platelet clumps in hirudin tubes during the first 30 min after blood draw, accompanied by
a more pronounced rise in IPF, compared to citrate and EDTA. These results are in agreement with
a previous work performed on samples from patients with macrothrombocytopenia identifying an
increase in IPF with platelet size and with the presence of platelet clumps [38]. Other authors proposed
that this apparent increase in IPF as time since blood draw elapsed could be due to the release of
RNA during degradation of young platelets during storage or to a true increase in young platelet
count due to in vitro platelet division [39]. These results are of interest, as IPF measurement is often
performed in the same blood only after the identification of thrombocytopenia [5]. The increase in IPF
over that time-interval could lead to erroneously infer a peripheral mechanism for thrombocytopenia.
As expected, at baseline, we also identified a significant association between low platelet count and
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increased IPF (p < 0.001), probably reflecting a compensatory increase in platelet production by the
bone marrow when platelet count is low.

Our results somewhat differ from a previous study performed with blood drawn into K2-EDTA
tubes stored at room temperature. The investigators identified an initial decrease in IPF during the
first hour after blood draw and then a slow increase in IPF, becoming relevant after 12 h [40]. However,
this decrease in IPF during the first hour was not present when samples were stored at 4 ◦C; IPF was
actually increasing during this time-interval. Osei-Bimpong et al. also identified a progressive increase
in IPF over time when blood samples were drawn in EDTA tubes and kept at 4 ◦C but without an
initial drop [5,39].

Both MPV and IPF have been proposed as biomarkers of platelet turn-over and cardiovascular
risk [1,41,42]. However, IPF seems less variable over time (especially when measured with EDTA
samples). Therefore, this parameter should probably be preferred over MPV for that purpose.

4.4. Platelet Function

The anticoagulant used to keep blood non-clotted significantly influenced the result of both studied
MEA tests (ADP, TRAP). The chelation of calcium ions by citrate resulted in reduced platelet reactivity.
The adjunction of CaCl2 to the dilutent of citrate samples partially restored platelet reactivity, resulting
in clinically acceptable differences for tests performed between 30 and 120 min after blood draw, by
comparison with hirudin samples. This is in line with the results of Johnston et al., who also identified
reduced platelet aggregability when citrate was used as anticoagulant instead of hirudin unless NaCl
supplemented with 3 mM CaCl2 was used instead of mere NaCl to dilute citrate samples [14]. Therefore,
if citrate tubes are used for MEA analysis, dilution with addition of CaCl2 3 mM is preferable to reduce
the difference of the measurement compared to hirudin tubes. However, MEA results still remained
statistically lower than tests performed with hirudin blood. This could be explained by different
plasma resistivity depending on the anticoagulant used [32]. Indeed, the reduction in platelet reactivity
observed with citrate blood, by comparison with hirudin blood, has only been observed when platelet
function was assessed with MEA [43]. On the opposite, other methods measured increased platelet
function when citrate blood was used instead of hirudin blood (e.g., light transmission aggregometry,
VerifyNow) or have not identified any statistically significant differences between either anticoagulant
(e.g., PFA-100) [43].

We also identified a significant effect of the time elapsed between blood draw and MEA test.
Platelet function was transiently reduced when assessed with ADP- and TRAP-MEA five minutes after
blood draw. This could be a consequence of the activation of the blood sample during draw [44]. Then,
platelet function remained quite stable until 120 min for ADP tests, before beginning to slightly decrease.
For TRAP tests, platelet function peaked at 30 min followed by a slow decrease. This progressive
reduction of platelet aggregability over time could be explained by incomplete platelet inhibition in the
sample tubes, leading to progressive platelet activation and aggregation [45]. However, these changes
remained clinically acceptable between 30 and 60 min after blood draw with citrate blood and all along
the three hours study period with hirudin blood.

All in all, these results are consistent with previous studies. Indeed, most authors identified a
reduced ADP-MEA during the first 30 min after blood draw, either with hirudin or citrate (dilution with
NaCl) [44,46,47], even if this observation was not confirmed in other studies [14,48]. Then, platelet
function was stable over at least three hours for citrate samples and until 60 to 240 min for hirudin
samples [14,44,45,47,49]. A similar trend was observed for patients taking clopidogrel assessed by
ADP-MEA, which however presented a more pronounced peak of platelet aggregability at 30 min,
by comparison with clopidogrel-naive patients [50]. Few data are available for TRAP tests. Previous
authors have not identified an initial decrease in platelet function assessed by TRAP-MEA performed
within 30 min after blood draw, either with citrate (dilution with NaCl) or hirudin blood; platelet
function remained stable over the 120 min study period [44]. In another study, platelet function was
only decreasing from 120 min after blood draw in hirudin tubes [45]. Overall, the initial reduction of
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platelet reactivity observed for ADP and TRAP tests in our study is consistent with manufacturer’s
recommendations and with several guidelines recommending waiting a minimum of 15 or 30 min
after blood draw to perform platelet function testing [10,51].

Therefore, in order to reduce the variability of the measurement, it is reasonable to wait a minimum
of 30 min after blood draw to perform MEA tests and then perform the analysis within two hours.
Such specification of the timing to perform MEA, as well as anticoagulant used in sample tubes should
be included in the guidelines proposing threshold values for MEA for clinical management.

4.5. Limitations

The study has several limitations. First, it was performed with healthy individuals. The impact of
these preanalytical variables could be different for patients with platelet function defects or taking
antiplatelet agents [52], for example. Additionally, in our cohort of healthy individuals, baseline platelet
counts were higher than 100 G/L. This limits the extrapolation of our results to lower platelet counts.
Secondly, this was a monocentric study, and platelet count and indices were determined with only one
analyzer. Analyses performed with other devices could lead to different results. This is for example
particularly important for MPV measurements because calibrators used to measure MPV, as well as
methods themselves, are not standardized between analyzers [53]. Results could also be different
when using platelet rich plasma instead of whole blood for platelet function testing [54]. Thirdly, we
only evaluated three anticoagulants: in addition to EDTA and hirudin, recommended for platelet
counting and MEA, respectively, we studied citrate, which is the most used anticoagulant for laboratory
investigation of hemostasis. Heparin is also used in some centers for anticoagulation for platelet
function analysis and could be considered as readily available in some settings (e.g., in the operating
theater). However, it is generally not recommended for laboratory testing of primary hemostasis and
has its own drawbacks (e.g., directly activates platelets and precludes blood smear examination by
inducing staining artifacts); it has therefore not been evaluated in this study. Fourthly, the utilization of
critical differences (CDs), derived from reference change values (RCVs), to judge whether differences
observed between preanalytical conditions were clinically acceptable is debatable. Indeed, RCVs are
used for the evaluation of the relevance of differences in serial measurement performed in the same
individual and not for the evaluation of the influence of preanalytical variables. However, this index
presents the advantage of being more objective than arbitrary thresholds and of taking into account the
intrinsic variability of the measurement. Of note, the utilization of hydrodynamic focusing to line up
cells in all channels of the Sysmex XN-20 could lead to the dissociation of the platelet clumps, at least
some of them. This limits the reliability of the evaluation of the impact of platelet clumps measured
by OM on parameters derived from Sysmex analyzers (i.e., platelet count, MPV and IPF). However,
there was still a correlation between the proportions of platelets clumps evaluated by OM and with
the Sysmex analyzer (Qflags), albeit moderate, even if the latter parameter is not intended to be used
quantitatively. Finally, it would have been interesting to assess the impact of platelet clumps on MEA
results. However, as the assessment of clumps was performed only with the sample tubes dedicated to
platelet count and indices, and as platelet clumps percentages were highly variable, we decided not to
perform this analysis.

5. Conclusions

This systematic, thorough study confirms the important effect of preanalytical variables on platelet
count, platelet indices and platelet function measurement. The type of anticoagulant used in sample
tubes and the time elapsed since blood draw had a statistically significant effect on most of the tests
studied, even if the differences were not always clinically relevant. As currently recommended,
EDTA should be preferred for platelet count and platelet indices measurement, since it provides more
stable results over time. For platelet function analysis using MEA, citrate and hirudin can be used as
anticoagulant in sample tubes, but values are not interchangeable. When using citrate tubes, dilution
of the sample with NaCl 154 mM + CaCl2 3 mM instead of mere NaCl 154 mM should be preferred
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to reduce the difference between both anticoagulants. MEA tests should be performed between 30
and 120 min after blood draw, and that time-interval should ideally be standardized within the same
laboratory to reduce the variability associated with the measurement. Finally, precise preanalytical
conditions should be specified when a decision threshold is proposed in clinical trials or guidelines.
These thresholds should also be validated locally according to local settings (different analytical or
preanalytical conditions such as different sample tubes) in order to prevent erroneous clinical decisions.
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measurement at the five time-points.

Author Contributions: Conceptualization, F.M., T.L. and B.C.; formal analysis, M.H. and F.M.; investigation, S.K.,
J.B., M.G. and A.C.; writing—original draft preparation, M.H., F.M. and T.L.; writing—review and editing, M.H.,
S.L., J.-M.D., B.C., H.J., T.L. and F.M.; supervision, F.M. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Lance, M.D.; Sloep, M.; Henskens, Y.M.; Marcus, M.A. Mean platelet volume as a diagnostic marker for
cardiovascular disease: Drawbacks of preanalytical conditions and measuring techniques. Clin. Appl.
Thromb. Hemost. 2012, 18, 561–568. [CrossRef] [PubMed]

2. Kim, C.H.; Kim, S.J.; Lee, M.J.; Kwon, Y.E.; Kim, Y.L.; Park, K.S.; Ryu, H.J.; Park, J.T.; Han, S.H.; Yoo, T.H.;
et al. An increase in mean platelet volume from baseline is associated with mortality in patients with severe
sepsis or septic shock. PLoS ONE 2015, 10, e0119437. [CrossRef] [PubMed]

3. Noris, P.; Klersy, C.; Gresele, P.; Giona, F.; Giordano, P.; Minuz, P.; Loffredo, G.; Pecci, A.; Melazzini, F.;
Civaschi, E.; et al. Platelet size for distinguishing between inherited thrombocytopenias and immune
thrombocytopenia: A multicentric, real life study. Br. J. Haematol. 2013, 162, 112–119. [CrossRef] [PubMed]

4. Briggs, C.; Kunka, S.; Hart, D.; Oguni, S.; Machin, S.J. Assessment of an immature platelet fraction (IPF) in
peripheral thrombocytopenia. Br. J. Haematol. 2004, 126, 93–99. [CrossRef]

5. Osei-Bimpong, A. The effect of storage on the clinical utility of the immature platelet fraction. Hematology
2009, 14, 118–121. [CrossRef]

6. Briggs, C.; Hart, D.; Kunka, S.; Oguni, S.; Machin, S.J. Immature platelet fraction measurement: A future
guide to platelet transfusion requirement after haematopoietic stem cell transplantation. Transfus. Med. 2006,
16, 101–109. [CrossRef]

7. Kong, R.; Trimmings, A.; Hutchinson, N.; Gill, R.; Agarwal, S.; Davidson, S.; Arcari, M. Consensus
recommendations for using the Multiplate(R) for platelet function monitoring before cardiac surgery. Int. J.
Lab. Hematol. 2015, 37, 143–147. [CrossRef]

8. Tantry, U.S.; Bonello, L.; Aradi, D.; Price, M.J.; Jeong, Y.H.; Angiolillo, D.J.; Stone, G.W.; Curzen, N.; Geisler, T.;
Ten Berg, J.; et al. Consensus and update on the definition of on-treatment platelet reactivity to adenosine
diphosphate associated with ischemia and bleeding. J. Am. Coll. Cardiol. 2013, 62, 2261–2273. [CrossRef]

9. Al Ghaithi, R.; Drake, S.; Watson, S.P.; Morgan, N.V.; Harrison, P. Comparison of multiple electrode
aggregometry with lumi-aggregometry for the diagnosis of patients with mild bleeding disorders. J. Thromb.
Haemost. 2017, 15, 2045–2052. [CrossRef]

10. Magnette, A.; Chatelain, M.; Chatelain, B.; Ten Cate, H.; Mullier, F. Pre-analytical issues in the hemostasis
laboratory: Guidance for the clinical laboratories. Thromb. J. 2016, 14, 49. [CrossRef]

http://www.mdpi.com/2077-0383/9/8/2515/s1
http://dx.doi.org/10.1177/1076029612458147
http://www.ncbi.nlm.nih.gov/pubmed/22936787
http://dx.doi.org/10.1371/journal.pone.0119437
http://www.ncbi.nlm.nih.gov/pubmed/25742300
http://dx.doi.org/10.1111/bjh.12349
http://www.ncbi.nlm.nih.gov/pubmed/23617394
http://dx.doi.org/10.1111/j.1365-2141.2004.04987.x
http://dx.doi.org/10.1179/102453309X385098
http://dx.doi.org/10.1111/j.1365-3148.2006.00654.x
http://dx.doi.org/10.1111/ijlh.12279
http://dx.doi.org/10.1016/j.jacc.2013.07.101
http://dx.doi.org/10.1111/jth.13784
http://dx.doi.org/10.1186/s12959-016-0123-z


J. Clin. Med. 2020, 9, 2515 15 of 17

11. Baccini, V.; Geneviève, F.; Jacqmin, H.; Chatelain, B.; Girard, S.; Wuilleme, S.; Vedrenne, A.; Guiheneuf, E.;
Toussaint-Hacquard, M.; Everaere, F.; et al. Platelet counting: Ugly traps and good advice: Proposals from
the French-Speaking Cellular Hematology Group (GFHC). J. Clin. Med. 2020, 9, 808. [CrossRef] [PubMed]

12. Mahla, E.; Tantry, U.S.; Pruller, F.; Gurbel, P.A. Is There a role for preoperative platelet function testing in
patients undergoing cardiac surgery during antiplatelet therapy? Circulation 2018, 138, 2145–2159. [CrossRef]
[PubMed]

13. Taylor, P.M.; Heptinstall, S. The abilities of human blood platelets to bind extracellular calcium and to be
aggregated by adenosine diphosphate are related. Br. J. Haematol. 1980, 46, 115–122. [CrossRef] [PubMed]

14. Johnston, L.R.; Larsen, P.D.; La Flamme, A.C.; Harding, S.A. Methodological considerations for the assessment
of ADP induced platelet aggregation using the Multiplate(R) analyser. Platelets 2013, 24, 303–307. [CrossRef]

15. International Council for Standardization in Haematology, Writing Group; Briggs, C.; Culp, N.; Davis, B.;
d’Onofrio, G.; Zini, G. ICSH guidelines for the evaluation of blood cell analysers including those used for
differential leucocyte and reticulocyte counting. Int. J. Lab. Hematol. 2014, 36, 613–627.

16. Tanaka, Y.; Tanaka, Y.; Gondo, K.; Maruki, Y.; Kondo, T.; Asai, S.; Matsushita, H.; Miyachi, H. Performance
evaluation of platelet counting by novel fluorescent dye staining in the XN-series automated hematology
analyzers. J. Clin. Lab. Anal. 2014, 28, 341–348. [CrossRef]

17. Fujimoto, K. Principles of measurement in hematology analyzers manufactured by Sysmex Corporation.
Sysmex. J. Int. 1999, 99, 31–44.

18. Wada, A.; Takagi, Y.; Kono, M.; Morikawa, T. Accuracy of a New Platelet Count System (PLT-F) Depends on
the Staining Property of Its Reagents. PLoS ONE 2015, 10, e0141311. [CrossRef]

19. Toth, O.; Calatzis, A.; Penz, S.; Losonczy, H.; Siess, W. Multiple electrode aggregometry: A new device to
measure platelet aggregation in whole blood. Thromb. Haemost. 2006, 96, 781–788.

20. Sibbing, D.; Braun, S.; Jawansky, S.; Vogt, W.; Mehilli, J.; Schömig, A.; Kastrati, A.; von Beckerath, N.
Assessment of ADP-induced platelet aggregation with light transmission aggregometry and multiple
electrode platelet aggregometry before and after clopidogrel treatment. Thromb. Haemost. 2008, 99, 121–126.

21. Mackie, I.J.; Jones, R.; Machin, S.J. Platelet impedance aggregation in whole blood and its inhibition by
antiplatelet drugs. J. Clin. Pathol. 1984, 3737, 874–878. [CrossRef] [PubMed]

22. Laird, N.M.; Ware, J.H. Random-effects models for longitudinal data. Biometrics 1982, 38, 963–974. [CrossRef]
23. Ricos, C.; Cava, F.; Garcia-Lario, J.V.; Hernandez, A.; Iglesias, N.; Jimenez, C.V.; Minchinela, J.; Perich, C.;

Simón, M.; Domenech, M.V.; et al. The reference change value: A proposal to interpret laboratory reports
in serial testing based on biological variation. Scand. J. Clin. Lab. Investig. 2004, 64, 175–184. [CrossRef]
[PubMed]

24. Coskun, A.; Serteser, M.; Karpuzoglu, H.F.; Unsal, I. How can we evaluate differences between serial
measurements on the same sample? A new approach based on within-subject biological variation. Clin. Chem.
Lab. Med. 2017, 55, e44–e46. [CrossRef] [PubMed]

25. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing:
Vienna, Austria, 2019.

26. Ts’ao, C.H. Platelet aggregation by ristocetin in EDTA plasma: Extension clumping with high concentrations
of EDTA. Hemostasis 1972, 11, 315–319. [CrossRef] [PubMed]

27. Menssen, H.D.; Melber, K.; Brandt, N.; Thiel, E. The use of hirudin as universal anticoagulant in haematology,
clinical chemistry and blood grouping. Clin. Chem. Lab. Med. 2001, 39, 1267–1277. [CrossRef] [PubMed]

28. Jiang, L.; Xu, C.; Yu, S.; Liu, P.; Luo, D.; Zhou, Q.; Gao, C.; Hu, H. A critical role of thrombin/PAR-1 in
ADP-induced platelet secretion and the second wave of aggregation. J. Thromb. Haemost. 2013, 11, 930–940.
[CrossRef]

29. Macey, M.; Azam, U.; McCarthy, D.; Webb, L.; Chapman, E.S.; Okrongly, D.; Zelmanovic, D.; Newland, A.
Evaluation of the anticoagulants EDTA and citrate, theophylline, adenosine, and dipyridamole (CTAD) for
assessing platelet activation on the ADVIA 120 hematology system. Clin. Chem. 2002, 48, 891–899. [CrossRef]

30. Védy, S.; Boom, B.; Perez, P.; Schillinger, S.; Ragot, C.; Bakkouch, S.; Puyhardy, J.M. Automatic platelets
numbering with citrate as anticoagulant: Is the result valid? Ann. Biol. Clin. (Paris) 2011, 69, 453–458.
[CrossRef]

31. Lance, M.D.; van Oerle, R.; Henskens, Y.M.; Marcus, M.A. Do we need time adjusted mean platelet volume
measurements? Lab. Hematol. 2010, 16, 28–31. [CrossRef] [PubMed]

http://dx.doi.org/10.3390/jcm9030808
http://www.ncbi.nlm.nih.gov/pubmed/32188124
http://dx.doi.org/10.1161/CIRCULATIONAHA.118.035160
http://www.ncbi.nlm.nih.gov/pubmed/30474416
http://dx.doi.org/10.1111/j.1365-2141.1980.tb05941.x
http://www.ncbi.nlm.nih.gov/pubmed/7426444
http://dx.doi.org/10.3109/09537104.2012.694086
http://dx.doi.org/10.1002/jcla.21691
http://dx.doi.org/10.1371/journal.pone.0141311
http://dx.doi.org/10.1136/jcp.37.8.874
http://www.ncbi.nlm.nih.gov/pubmed/6206096
http://dx.doi.org/10.2307/2529876
http://dx.doi.org/10.1080/00365510410004885
http://www.ncbi.nlm.nih.gov/pubmed/15222627
http://dx.doi.org/10.1515/cclm-2016-0574
http://www.ncbi.nlm.nih.gov/pubmed/27505091
http://dx.doi.org/10.1159/000214000
http://www.ncbi.nlm.nih.gov/pubmed/4206677
http://dx.doi.org/10.1515/CCLM.2001.204
http://www.ncbi.nlm.nih.gov/pubmed/11798089
http://dx.doi.org/10.1111/jth.12168
http://dx.doi.org/10.1093/clinchem/48.6.891
http://dx.doi.org/10.1684/abc.2011.0596
http://dx.doi.org/10.1532/LH96.10011
http://www.ncbi.nlm.nih.gov/pubmed/20858586


J. Clin. Med. 2020, 9, 2515 16 of 17

32. Zhao, T.X. Electrical impedance and haematocrit of human blood with various anticoagulants. Physiol. Meas.
1993, 14, 299–307. [CrossRef] [PubMed]

33. Nishioka, T.; Yokota, M.; Tsuda, I.; Tatsumi, N. Flow cytometric analysis of platelet activation under calcium
ion-chelating conditions. Clin. Lab. Haematol. 2002, 24, 115–119. [CrossRef] [PubMed]

34. Buttarello, M.; Mezzapelle, G.; Plebani, M. Effect of preanalytical and analytical variables on the clinical
utility of mean platelet volume. Clin. Chem. Lab. Med. 2018, 56, 718–725. [CrossRef] [PubMed]

35. Bessman, J.D.; Williams, L.J.; Gilmer, P.R., Jr. Mean platelet volume. The inverse relation of platelet size and
count in normal subjects, and an artifact of other particles. Am. J. Clin. Pathol. 1981, 76, 289–293. [CrossRef]
[PubMed]

36. Jackson, S.R.; Carter, J.M. Platelet volume: Laboratory measurement and clinical application. Blood Rev. 1993,
7, 104–113. [CrossRef]

37. White, J.G. Effects of ethylenediamine tetracetic acid (EDTA) on platelet structure. Scand J. Haematol. 1968,
55, 241–254. [CrossRef]

38. Miyazaki, K.; Koike, Y.; Kunishima, S.; Ishii, R.; Danbara, M.; Horie, R.; Yatomi, Y.; Higashihara, M. Immature
platelet fraction measurement is influenced by platelet size and is a useful parameter for discrimination of
macrothrombocytopenia. Hematology 2015, 2020, 587–592. [CrossRef]

39. Osei-Bimpong, A.; Saleh, M.; Sola-Visner, M.; Widness, J.; Veng-Pedersen, P. Correction for effect of cold
storage on immature platelet fraction. J. Clin. Lab. Anal. 2010, 24, 431–433. [CrossRef]

40. Maenhout, T.M.; Leus, B.; Bouchier, L.; Dierick, J. Immature platelet fraction (IPF%) in a routine clinical
laboratory: (pre)analytical and clinical evaluation. In Proceedings of the Conference of Belgian Society of
Clinical Biologists, Liege, Belgium, October 2011.

41. Anetsberger, A.; Blobner, M.; Haller, B.; Schmid, S.; Umgelter, K.; Hager, T.; Langgartner, C.; Kochs, E.F.;
Laugwitz, K.L.; Jungwirth, B.; et al. Immature platelets as a novel biomarker for adverse cardiovascular
events in patients after non-cardiac surgery. Thromb. Haemost. 2017, 117, 1887–1895. [CrossRef]

42. Lee, E.Y.; Kim, S.J.; Song, Y.J.; Choi, S.J.; Song, J. Immature platelet fraction in diabetes mellitus and metabolic
syndrome. Thromb. Res. 2013, 132, 692–695. [CrossRef]

43. Pittens, C.A.; Bouman, H.J.; van Werkum, J.W.; Ten Berg, J.M.; Hackeng, C.M. Comparison between hirudin
and citrate in monitoring the inhibitory effects of P2Y12 receptor antagonists with different platelet function
tests. J. Thromb. Haemost. 2009, 77, 1929–1932. [CrossRef] [PubMed]

44. Kalb, M.L.; Potura, L.; Scharbert, G.; Kozek-Langenecker, S.A. The effect of ex vivo anticoagulants on whole
blood platelet aggregation. Platelets 2009, 20, 7–11. [CrossRef] [PubMed]

45. Chapman, K.; Favaloro, E.J. Time dependent reduction in platelet aggregation using the multiplate analyser
and hirudin blood due to platelet clumping. Platelets 2018, 29, 305–308. [CrossRef] [PubMed]

46. Wurtz, M.; Hvas, A.M.; Christensen, K.H.; Rubak, P.; Kristensen, S.D.; Grove, E.L. Rapid evaluation of
platelet function using the Multiplate(R) analyzer. Platelets 2014, 25, 628–633. [CrossRef] [PubMed]

47. Kaiser, A.F.; Neubauer, H.; Franken, C.C.; Kruger, J.C.; Mugge, A.; Meves, S.H. Which is the best anticoagulant
for whole blood aggregometry platelet function testing? Comparison of six anticoagulants and diverse
storage conditions. Platelets 2012, 23, 359–367. [CrossRef]

48. Seyfert, U.T.; Haubelt, H.; Vogt, A.; Hellstern, P. Variables influencing Multiplate (TM) whole blood
impedance platelet aggregometry and turbidimetric platelet aggregation in healthy individuals. Platelets
2007, 18, 199–206. [CrossRef]

49. Jilma-Stohlawetz, P.; Ratzinger, F.; Schorgenhofer, C.; Jilma, B.; Quehenberger, P. Effect of preanalytical
time-delay on platelet function as measured by multiplate, PFA-100 and VerifyNow. Scand. J. Clin. Lab.
Investig. 2016, 76, 249–255. [CrossRef]

50. Dézsi, D.A.; Merkely, B.; Skopál, J.; Barabás, E.; Várnai, K.; Faluközy, J.; Veress, G.; Alotti, N.; Aradi, D.
Impact of test conditions on ADP-induced platelet function results with the multiplate assay: Is further
standardization required? J. Cardiovasc. Pharmacol. Ther. 2018, 23, 149–154. [CrossRef]

51. Harrison, P.; Mackie, I.; Mumford, A.; Briggs, C.; Liesner, R.; Winter, M.; Machin, S.; British Committee for
Standards in Haematology. Guidelines for the laboratory investigation of heritable disorders of platelet
function. Br. J. Haematol. 2011, 155, 30–44. [CrossRef]

52. Storey, R.F.; Wilcox, R.G.; Heptinstall, S. Differential effects of glycoprotein IIb/IIIa antagonists on platelet
microaggregate and macroaggregate formation and effect of anticoagulant on antagonist potency. Implications
for assay methodology and comparison of different antagonists. Circulation 1998, 98, 1616–1621. [CrossRef]

http://dx.doi.org/10.1088/0967-3334/14/3/008
http://www.ncbi.nlm.nih.gov/pubmed/8401269
http://dx.doi.org/10.1046/j.1365-2257.2002.00436.x
http://www.ncbi.nlm.nih.gov/pubmed/11985558
http://dx.doi.org/10.1515/cclm-2017-0730
http://www.ncbi.nlm.nih.gov/pubmed/29194040
http://dx.doi.org/10.1093/ajcp/76.3.289
http://www.ncbi.nlm.nih.gov/pubmed/7282629
http://dx.doi.org/10.1016/S0268-960X(05)80020-7
http://dx.doi.org/10.1111/j.1600-0609.1968.tb01743.x
http://dx.doi.org/10.1179/1607845415Y.0000000021
http://dx.doi.org/10.1002/jcla.20426
http://dx.doi.org/10.1160/TH16-10-0804
http://dx.doi.org/10.1016/j.thromres.2013.09.035
http://dx.doi.org/10.1111/j.1538-7836.2009.03585.x
http://www.ncbi.nlm.nih.gov/pubmed/19691484
http://dx.doi.org/10.1080/09537100802364076
http://www.ncbi.nlm.nih.gov/pubmed/19172515
http://dx.doi.org/10.1080/09537104.2017.1384540
http://www.ncbi.nlm.nih.gov/pubmed/29194000
http://dx.doi.org/10.3109/09537104.2013.849804
http://www.ncbi.nlm.nih.gov/pubmed/24246241
http://dx.doi.org/10.3109/09537104.2011.624211
http://dx.doi.org/10.1080/09537100600944277
http://dx.doi.org/10.3109/00365513.2016.1143115
http://dx.doi.org/10.1177/1074248417728287
http://dx.doi.org/10.1111/j.1365-2141.2011.08793.x
http://dx.doi.org/10.1161/01.CIR.98.16.1616


J. Clin. Med. 2020, 9, 2515 17 of 17

53. Latger-Cannard, V.; Hoarau, M.; Salignac, S.; Baumgart, D.; Nurden, P.; Lecompte, T. Mean platelet volume:
Comparison of three analysers towards standardization of platelet morphological phenotype. Int. J. Lab.
Hematol. 2012, 34, 300–310. [CrossRef] [PubMed]

54. Stissing, T.; Dridi, N.P.; Ostrowski, S.R.; Bochsen, L.; Johansson, P.I. The influence of low platelet count
on whole blood aggregometry assessed by Multiplate. Clin. Appl. Thromb. Hemost. 2011, 17, E211–E217.
[CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1111/j.1751-553X.2011.01396.x
http://www.ncbi.nlm.nih.gov/pubmed/22225539
http://dx.doi.org/10.1177/1076029610397183
http://www.ncbi.nlm.nih.gov/pubmed/21406416
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results 
	Platelet Count 
	Platelet Indices 
	Platelet Function—MEA 
	Platelet Clumps 

	Discussion 
	Platelet Clumps 
	Platelet Count 
	Platelet Indices 
	Platelet Function 
	Limitations 

	Conclusions 
	References

