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Abstract
Background: Fluorogenic thrombin generation (TG) assays are commonly used to 
determine global coagulation phenotype in plasma. Whole blood (WB)-TG assays 
reach one step closer to physiology by involving the intrinsic blood cells, but eryth-
rocytes cause variable quenching of the fluorescence signals, hampering its routine 
application.
Objective: To develop a new assay for continuous WB-TG measurement.
Methods: In the new WB-TG assay, the erythrocyte-caused distortion of signal was 
solved by continuously mixing the sample during the measurement. The assay was 
validated by evaluating the reproducibility and comparing with the paper-based 
WB-TG assay. Reconstituted human blood and WB from 119 healthy donors was 
tested to explore the influences of hematocrit and platelet count on TG.
Results: This novel WB-TG assay showed good reproducibility while being less 
affected by contact activation compared with the previous paper-based assay. 
Reconstitution experiments showed that the lag time of TG was shortened by the 
addition of platelets but not erythrocytes. Increasing hematocrit strongly augmented 
the peak thrombin, even in the presence of high platelet counts. The lag time and 
peak of WB-TG of 119 healthy donors were positively related to erythrocyte count 
after adjusting for age, sex, and oral contraceptive use with multiple linear regression 
analyses. The reference range and interindividual variation of WB-TG were deter-
mined in the healthy cohort.
Conclusions: A novel WB-TG assay was developed, which is a straightforward tool 
to measure the involvement of platelets and erythrocytes in TG and may assist the 
research of blood cell-associated coagulation disorders.
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1  | INTRODUC TION

There is increasing awareness that thrombin generation (TG) provides 
a global coagulation profile of the complex interplay between pro- 
and anticoagulant drivers, whereas conventional clotting time tests 
only provide limited information about the initiation of coagulation.1-3 
Modern TG assays, such as the calibrated automated thrombinog-
raphy (CAT), allow continuous and high-throughput TG measure-
ments in plasma samples by using a thrombin-specific fluorogenic 
substrate.4,5 TG assays have shown great potential in elucidating 
the mechanisms behind coagulation disorders, predicting bleeding/
thrombotic risk, and managing hemophilia/thrombosis treatment.2,3

Although TG assays give more comprehensive information about 
coagulation compared with conventional clotting time assays, they 
still have some nonphysiological factors, including the source of 
procoagulant surfaces. In vivo TG requires physiological phospho-
lipids (PL), which is regulated by the interplay between coagulation 
factors and blood cells.6,7 Currently, TG is often tested in platelet 
poor plasma (PPP-TG), with artificial PL supplemented at satura-
tion concentration to serve as surface for the coagulation factors. 
Thrombin generation tested in platelet-rich plasma (PRP-TG) reflects 
the influence of platelets,8 however, it does not give insights about 
the impacts of erythrocytes and leukocytes. Abnormal functions of 
blood cells have been suggested to contribute to coagulation disor-
ders.8 Importantly, both abnormally high hematocrit and abnormal 
function of erythrocytes are associated with an increased throm-
bosis risk.9 Therefore, measuring TG in whole blood (WB) is more 
physiologically relevant than in plasma, especially when studying co-
agulation disorders that are likely blood cell-originated. Additionally, 
unlike plasma-TG assays, WB-TG does not require centrifugation to 
prepare plasma, thus avoids many preanalytical variations and allows 
the development of point-of-care applications.

Several methods have been published for WB-TG measurements; 
however, most of them are too time-consuming because these meth-
ods either rely on tedious sampling at interval time points10-12 or can 
only measure one sample per run.13 Fluorogenic assays on a microplate 
reader can allow continuous and high-throughput WB-TG measure-
ments; however, the hemoglobin in erythrocytes severely quenches 
fluorescence signals and this quenching effect varies over time as a 
result of erythrocyte sedimentation between reading rounds. For ex-
ample, in a typical CAT setting the interval time between two reading 
rounds is 20 seconds, which is often longer than the time needed for 
an ascent fluorometer to move the assay plate to read the fluorescence 
signals in all sample wells. Consequently, erythrocyte sedimentation 
takes place during the idle time when the assay plate stops moving. 
Clot retraction induced by activated platelets may further worsen 
the uneven erythrocyte distribution. Two methods have been pub-
lished trying to solve this problem.14,15 Tappenden et al15-17 reported a 
method in which an orbital shake was applied to the assay plate during 
the idle time between readings, but this method still gave rather high 
variations and was not used in any further studies. Restraining the 
erythrocytes in filter paper matrix avoids erythrocyte sedimentation 
by forming a thin layer of blood and this technique gives reproducible 

WB-TG results,14 but only if executed by an experienced operator.18 
Another disadvantage of the paper-based WB-TG assay is the strong 
contact activation induced by the filter paper.14

In the present study, we developed and validated a novel assay 
for continuous WB-TG measurement. The erythrocyte-caused dis-
tortion of fluorescence signals was solved by continuously mixing 
the whole blood sample during the entire course of measurement. 
This assay was compared with the previously published paper-based 
assay regarding the disturbance from contact activation. In addition, 
it was also used to explore the influences of hematocrit, platelet 
count and platelet activation on WB-TG.

2  | MATERIAL S AND METHODS

2.1 | Study subjects and blood sample preparation

Our study protocol was evaluated by the local medical ethical 
board (Medical Ethical Committee of Maastricht University Medical 
Center). Blood was collected into vacutainer tubes (with 3.2% sodium 
citrate; from BD Vacutainer System) from healthy adults who gave 
full informed consent according to the Helsinki declaration and had 
not taken any anticoagulants or platelet inhibitors for at least 2 weeks 
and had no history of thrombosis or bleeding. Blood was kept at room 
temperature and used within 4 hours after collection. Cell counts 
were measured on a Coulter Counter analyzer (Beckman Coulter).

2.2 | Reconstitution of human blood

To determine the contribution of platelet count and hematocrit in 
the novel WB-TG assay, samples with varying platelet counts and 
hematocrits were prepared.

PRP was prepared by centrifugation of blood at 220g for 15 minutes; 
PPP was prepared by double centrifugation of blood at 2840g for 10 min-
utes. To vary platelet count in plasma, PRP was mixed with autologous 
PPP. In some experiments synthetic PL was added to the plasma, which 
were from Avanti Polar Lipids and prepared as previously described.4

To yield a platelet pellet, PRP was centrifuged at 890g for 
15 minutes with Prostacyclin I2 (Sigma-Aldrich) and resuspended in 

Essentials

• Thrombin generation in whole blood includes the influ-
ence of all blood cells.

• We developed a novel whole blood thrombin generation 
(WB-TG) assay with good reproducibility.

• Reference range and inter-individual variation of the 
WB-TG were tested in 119 healthy donors.

• The influences of platelet and hematocrit on TG were 
measured with this assay.
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autologous PPP. Erythrocytes were washed three times in HEPES buf-
fer (10 mmol/L HEPES, 136 mmol/L NaCl, 2.7 mmol/L KCl, 2 mmol/L 
MgCl2, 0.1% w/v glucose, and 0.1% w/v bovine serum albumin, PH 7.4) 
and centrifuged at 330g for 10 minutes after the first two washing steps 
and at 890g for 10 minutes after the third washing step. Autologous 
PPP, platelets, and washed erythrocytes were reconstituted to obtain 
samples with different hematocrits and platelet counts as indicated.

2.3 | Platelet activation or inhibition in WB

To study the effect of platelet activation and inhibition on TG in 
WB, citrated WB samples were incubated with a platelet activa-
tor (50 μg/mL Convulxin) or inhibitor (30 μg/mL Reopro, 10 μmol/L 
Iloprost, or 36 μmol/L Cangrelor) at 37°C for 10 minutes before TG 
was triggered at 1 pmol/L recombinant human tissue factor (TF; 
Siemens Healthcare). The concentrations of these molecules were 
chosen as the concentration resulting in the maximum effect on 
PRP-TG.19 Reopro was from Janssen Biologics. Iloprost, Cangrelor, 
and Convulxin were from Sigma-Aldrich.

2.4 | WB-TG measured with the novel assay

This novel WB-TG assay was performed following the procedure of 
Ninivaggi et al14 with major modifications. Citrated WB was firstly 
mixed with the substrate (ZGGR)2-Rhodamine 110 (P2Rho; Diagnostica 
Stago) solution. Subsequently, a solution containing TF and CaCl2 was 
added to the WB and mixed. The volume ratio of WB, substrate so-
lution, and TF-containing solution is 3:1:2. Of the resulting mixture, 
65 μL was transferred into the detection wells. The final concentra-
tions in the well were 50% WB, 0-5 pmol/L TF, 16.7 mmol/L CaCl2, and 
300 μmol/L P2Rho. Each blood sample was calibrated by replacing the 
TF-containing solution with α2-macroglobulin-thrombin complex (α2M-
T, corresponding with 300 nmol/L thrombin activity).4 Measurements 
were performed at 37°C and each condition was tested in triplicate. 
Fluorescence signals were recorded with a Fluoroskan Ascent mi-
croplate fluorometer (Thermolabsystems) with λex = 485 nm and 
λem = 538 nm using Fluoroskan Ascent Software (version 2.6). For the 
measurement of reconstituted blood samples, an independent calibra-
tion experiment was performed for each hematocrit level as this influ-
ences the quenching of the fluorescent signal. Fluorescence data were 
corrected using the H-transform when necessary.14,20

To prevent the light distortion caused by erythrocyte sedimen-
tation, we optimized the assay plate and the settings of plate move-
ment in the Ascent software so the WB sample was adequately mixed 
during the whole measurement course. In the optimized setting, the 
interval time was set as 6 seconds, and 36 wells were always mea-
sured, which ensures that the assay plate moves continuously without 
noticeable stop (idle time) between two rounds of reading. Different 
microplates were tested to find the best structure of the reaction 
wells, and the round-cornered 96-well assay microplate from Corning 
(type number 2595) resulted in the lowest variation (Table S1).

A dedicated preprogrammed spreadsheet template was used to 
calculate the WB-thrombogram parameters from the experimental 
fluorescence data as described previously.13,21-23 The template is avail-
able upon request; the algorithms used in the calculation template is 
described in the Supplementary information. In brief, an extended 
Chapman-Richards growth equation, F = a(1 − e−b·t)c + d(1 − e−f·t)g was 
fitted on the sigmoidal part of the fluorescence data, where F is the 
fluorescence intensity at time t, and a, b, c, d, f, and g are the parame-
ters that determine the shape of the fitted curve. The sigmoidal part 
of the fluorescence data was estimated after using a simple moving 
average technique to smooth out the noise within the fluorescence 
data.5 From the fitted curve, WB-TG parameters were calculated, in-
cluding the lag time (minutes), time-to-peak (minutes), peak thrombin 
(nmol/L), and endogenous thrombin potential until the thrombin peak 
(ETPp; nmol x min/L). This algorithm used in the calculation template 
renders that the WB-TG parameters are derived objectively from the 
fluorescence data, and are not disturbed by the subjectivity of the 
operator. To illustrate this, we let three operators each independently 
do the calculation with a same set of fluorescence data, using the pro-
grammed calculation template. As shown in Figure S2, the TG param-
eters obtained were identical among three operators, meaning that 
the calculation method was free of the subjectivity of the operator.

2.5 | Fluorescence signal of Rhodamine 110 
fluorophore in clotting WB over time

The fluorescence signal of Rhodamine 110 fluorophore (Rho; the end 
product of [ZGGR]2-Rho cleavage by thrombin) in clotting WB was mon-
itored over time to assess the stability of the quenching effect of clotting 
WB on fluorescence signal. For this purpose, 2.5 μmol/L Rho (Sigma-
Aldrich) was either added into, or replaced, the substrate solution in WB-
TG. Fluorescence signal was monitored as described previously.

2.6 | Paper-based WB-TG assay

The paper-based WB-TG assay was performed as originally de-
scribed.14 Fluorescence data were transformed into TG parameters 
using the CAT-method as originally described.5,14

2.7 | Statistics

Statistical analyses were done using GraphPad 5.0 (GraphPad 
Software, San Diego, CA) and SPSS 25 (IBM, New York, NY). Data were 
checked for normality and are shown as median and interquartile range 
or mean ± standard deviation. Independent groups were compared 
using the Mann-Whitney test. Paired samples were compared using 
paired t test or Wilcoxon matched-pairs test depending on normality. 
Pearson correlation was calculated between the parameters from the 
two WB-TG techniques. Reference intervals of the WB-TG param-
eters of healthy donors were calculated as 2.5th to 97.5th percentile 
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according to the Clinical & Laboratory Standards Institute guideline.24 
Multiple linear regression analyses were performed with the ETPp, 
peak thrombin, or lag time of the 119 healthy donors as dependent 
variable and cell counts, age, sex, and oral contraceptive (OC) use as 
independent variables. For the sex parameter, male and female were 
coded as 0 and 1 in the analyses, respectively. Effect modification of 
sex on OC use and cell counts were also considered in the regression 
analysis and the backward method was used to find the best model. 
Any P values below .05 were considered statistically significant.

3  | RESULTS

3.1 | Continuous mixing resulted in a stable light 
transmission in WB-TG

The efficacy of this continuous mixing method in preventing erythro-
cyte-caused variable quenching on fluorescence signal transmission 
was first tested in calibration experiments, in which the cleavage of 
the thrombin substrate P2Rho by the calibrator was monitored in 

citrated WB. Figure 1A shows the mean fluorescence tracing of 12 
replicate experiments over 20 minutes. The first derivatives (i.e., 
calibrator slope) of the tracings had a coefficient of variation (CV) 
of 3.7% and showed a horizontal trend when plotted vs time, indi-
cating stable light transmission and no disturbance from substrate 
consumption or inner filter effect.

The performance of the mixing method in clotting WB was 
evaluated by comparing the fluorescence signal of two parallel TF-
induced WB-TG experiments in the presence and absence of exog-
enously added Rho. The added Rho induced a stable background 
signal during the lag phase (Figure 1B). From t = 0 until the time 
when signal increased the most (i.e., time-to-peak), the signal dif-
ference between the sample with exogenous Rho and the parallel 
sample without Rho addition remained relatively stable (Figure 1B), 
as shown by the overlap between the curves after subtracting the 
Rho background signal. This was repeated in WB samples from three 
donors, and the deviations of WB-TG parameters ETPp and peak 
thrombin between with and without Rho fluorophore addition were 
on average 2.2 ± 1.6% and 4.9 ± 3.1% (n = 4), respectively. In addi-
tion, the fluorescence tracings of Rho added to clotting blood was 

F I G U R E  1   The performance of this novel WB-TG assay and the CRG-based calculation method. (A) The reaction between calibrator 
α2M-T (100 nmol/L thrombin activity) and substrate P2Rho (300 μmol/L) in citrated whole blood. Mean (solid line) and mean ± standard 
deviation (dashed lines) of 12 replicate experiments are shown. The dotted line represents the first derivative of the average fluorescence 
tracing. (B) The fluorescence tracing of two parallel WB-TG experiments at 2.5 pmol/L TF in the absence (black line) or presence (red line) of 
exogenously added 2.5 μmol/L Rhodamine (Rho) fluorophore. The red dashed line is the residual signal after subtracting the background Rho 
signal from the total signal. (C) An extended Chapman-Richards growth (CRG) equation was fitted on the experimental fluorescence data 
from t = 0 until t = time-to-peak; the correctness of the fitting, as shown by the small difference between the fitted data (Ffit, red solid line) 
and the experimental data (Fexp, black dashed line) is shown in the insert. (D) The calculated thrombograms from the fitted data (TGfit, red 
solid line) and the experimental data (TGexp, black dashed line) overlap well with each other

30

200

150

100

50

0

Mean
Mean±SD
Calibrator slope

TG with Rho
Initial signal subtracted
TG no Rho

TGexp
TGfit

Fexp
0.05

0.00

–0.05
0 5 10

Time (min)

Ffit

F
fit -F

exp

F
lu

or
es

ce
nc

e 
un

it
F

lu
or

es
ce

nc
e 

un
it

F
lu

or
es

ce
nc

e 
un

it
F

lu
or

es
ce

nc
e 

un
it

20

15

10

5

0
201510502015

Time (min) Time (min)
1050

201510502015
Time (min) Time (min)

1050

20

10

40

20

0

0

A B

C D



     |  1295WAN et Al.

monitored in the absence of P2Rho substrate, so the influence of 
the clot on the signal was judged independently of the amount of 
product generated. As shown in Figure S3, the signal of added Rho 
remained relatively stable in the first 0 to 10 minutes (during which 
TG reaches the peak), although a slight increase in signal as well as 
higher variation were observed in the later part (20-30 minutes) of 
the experiments. Collectively, these results imply that this assay 
setting maintained the quenching effect of erythrocytes at a stable 
level at least until the thrombin peak is reached.

3.2 | Conversion from fluorescence signals to WB-
TG parameters

The time-dependent substrate cleavage in WB-TG (Figure 1C; 
Figure S4) showed strong similarities with plasma-TG; however, the 
tail part (thrombin decay) of the former had higher variation between 
replicates. Consequently, the estimation of the α2M-T end level was 
less reliable. The first half of the WB-thrombogram (from the lag 
phase until thrombin peak), however, was highly reproducible (aver-
age CV of 18 replicate measurements was 4.6%). Therefore, we cal-
culated the endogenous thrombin potential until the thrombin peak 
(i.e., ETPp) after fitting an extended Chapman-Richards growth (CRG) 
curve on the sigmoidal part of the experimental fluorescence signal 
as described in the Methods section.13,22 Correctness of the fitting 
was shown by the high agreement between the experimental data 
and the fitted data (Figure 1C). This calculation mode resulted in a 
thrombogram that correlated well with the original one (Figure 1D; 
Figure S5).

3.3 | Response of the WB-TG parameters to varying 
TF concentrations

The response of the WB-TG parameters to different TF concen-
trations is shown in Table S2. TF dose dependently altered throm-
bogram parameters. The lag time decreased from 14.8 ± 0.6 to 
2.3 ± 0.1 minutes when increasing TF concentrations from 0 to 
5 pmol/L; a similar trend was found with the time-to-peak. The peak 
thrombin increased from 193 ± 5 nmol/L to 279 ± 1 nmol/L with 
increasing TF concentration but the ETPp hardly changed.

3.4 | Precision of the novel WB-TG assay

The intra-assay variation of this WB-TG assay was assessed by 15 
replicate measurements of a citrated WB sample at 1 pmol/L TF. As 
shown in Table 1, the CVs were below 6% for all TG parameters. 
Moreover, when this assay was measured in a population of 119 
healthy volunteers the average intra-assay CVs between triplicate 
measurements were 1.8%, 2.2%, 4.6%, and 4.6% for the lag time, 
time-to-peak, peak, and ETPp, respectively.

The interassay precision could not be determined over a pe-
riod longer than 1 day because of the storage limitation of WB. 
Therefore, it was determined by 18 independent experiments test-
ing a single WB sample in triplicate resulting in CVs less than 7% 
for all thrombogram parameters. The interoperator variation of this 
assay, determined by letting four operators each independently test 
a same WB sample, was <13% for all WB-TG parameters (Table S3).

3.5 | Comparison between this novel WB-TG 
assay and the paper-based assay

Thrombin generation in WB of 10 donors was tested with the previ-
ously published paper-based assay14 and this novel assay at 0 and 
1 pmol/L TF. Lag time was significantly shorter in the paper-based 
assay, both without TF (Figure 2A; 9.3 ± 2.0 vs 20.0 ± 4.8 minutes; 
P < .0001) and at 1 pmol/L TF (Figure 2B; 3.7 ± 0.3 vs 4.5 ± 0.6 min-
utes; P < .001). Shorter time-to-peak was also observed in the paper-
based assay irrespective of the TF concentrations.

The TG parameters from these two assays showed significant cor-
relations. The Pearson correlation coefficients were 0.79 (95% con-
fidence interval [CI]: 0.32-0.95; P = .007), 0.75 (95% CI: 0.22-0.94; 
P = .013), and 0.82 (95% CI: 0.38-0.96; P = .004) for the lag time, time-
to-peak, and ETPp, respectively. The peak thrombin values showed 
weaker correlation (r = .5997; 95% CI: −0.05 to 0.89; P = .067).

3.6 | Influences of hematocrit and platelet count on 
WB-TG

We determined the effect of platelet count and hematocrit on the 
WB-TG assay in PRP and reconstituted blood samples. Increasing 
the platelet count in plasma shortened the lag time from 11.7 min-
utes at 0 × 109/L platelets to 7.4 minutes at 25 × 109/L platelets, and 
further to 5.0 minutes at 360 × 109/L platelets (Figure 3A). Gradual 
increments in the thrombin peak were found with increasing plate-
let counts. Addition of 4 μmol/L synthetic PL markedly augmented 
the peak thrombin, even in the presence of 360 × 109/L platelets 
(Figure 3B).

TA B L E  1   Intra- and interassay variations of this novel WB-TG 
assay

 

Intra-assay variation 
(n = 15)

Interassay variation 
(n = 18)

Mean ± SD CV, % Mean ± SD CV, %

Lag time (min) 5.7 ± 0.1 1.8 4.3 ± 0.3 6.2

Time-to-peak (min) 8.4 ± 0.2 2.0 6.7 ± 0.3 4.1

Peak (nmol/L) 173 ± 10 5.6 239 ± 14 6.0

ETPp (nmol min/L) 260 ± 9 3.6 308 ± 20 6.5

Abbreviations: ETPp, endogenous thrombin potential until thrombin 
peak; WB-TG, whole blood thrombin generation.
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F I G U R E  2   Comparisons between the novel WB-TG assay and the paper-based assay. For both assays, TG was triggered at (A) 0 or (B) 
1 pmol/L TF in citrated whole blood from 10 healthy volunteers. Same reagents were used in both assays. Thrombogram parameters were 
calculated using the CRG assay for the novel assay without filter paper (no paper) or with the CAT assay for the filter paper-based assay (with 
paper). Mean and standard deviation are indicated as bars in the figures. Comparisons between groups were done using the paired t test, 
**P < .01; ***P < .001; ****P < .0001
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In reconstituted blood samples, platelets shortened the lag time 
markedly irrespective of the hematocrit level, whereas increas-
ing the hematocrit level hardly shortened the lag time (Figure 3C; 
Table 2). Interestingly, increasing hematocrit in the presence of 
450 × 109/L platelets prolonged the lag time. The peak thrombin 
values showed dose-dependent increase with platelet count and he-
matocrit (Figure 3D; Table 2). The ETPp of the reconstituted samples 
did not show dose-dependent change.

3.7 | Influence of platelet activation/inhibition on 
WB-TG

To study the influence of platelet on WB-TG in more detail, different 
platelet agonists and antagonists were tested. As shown in Figure S6, 
Convulxin, a platelet agonist that induces phosphatidylserine expo-
sure, shortened the lag time by 19.9 ± 3.7% (n = 5), but did not affect 
the ETPp and peak thrombin. Addition of Reopro (inhibitor of plate-
let integrins αIIbβ3 and αvβ3) prolonged the lag time by 15.8 ± 8.5% 
(n = 5) and reduced the peak thrombin by 17.1 ± 11.7%, but hardly af-
fected the ETPp. The effect of Reopro was further confirmed in WB 
samples from 88 healthy donors in which Reopro hardly changed 
the ETPp (P = .06) but prolonged the lag time by 24.9% and reduced 
the peak thrombin by 22% (P < .0001 for both) (Figure S7). The ad-
dition of Iloprost and Cangrelor showed weaker inhibitory effect on 
WB-TG compared with Reopro.

3.8 | WB-TG tested in a healthy population

Citrated WB samples from 119 healthy adult volunteers were tested 
to study the characteristics of WB-TG in a normal population. The 
reference intervals and interindividual CVs of the WB-thrombogram 
parameters were determined and are shown in Table 3 together with 
the cell counts. Compared with WB-TG triggered at 1 pmol/L TF, 
similar ETPp was seen when triggered at 2.5 pmol/L TF (P = .88), 
along with significantly higher peak thrombin, shorter lag time, and 
time-to-peak (Table 3; P < .0001 for all).

The volunteers consisted of 60 females and 59 males. Females 
had significantly higher platelet counts (median [interquar-
tile range], 282.8 [164.1-417.8] vs 247.8 [149.4-372.8] × 109/L, 
P < .01) and lower erythrocyte counts (4.7 [3.9-5.9] vs 5.1 [4.5-
6.3] × 1012/L, P < .0001) than males, while having similar age, white 
blood cell count, and mean platelet volume. Significantly shorter 
lag time and higher ETPp were observed in females than in males 
(P < .01 for both) (Figure 4), but the thrombin-peak was comparable.

Age correlated with lag time (Spearman r = −.212, P < .05), peak 
thrombin (r = .215, P < .05), and ETPp (r = .218; P < .05). Multiple 
linear regression analyses were performed to explore the effect of 
blood cell counts on WB-TG. After adjusting for age, gender and OC 
use, erythrocyte count significantly impacted the lag time (stan-
dardized Beta = 0.188, P = .034) and thrombin-peak (standardized 
Beta = 0.205, P = .015) (Table S4). The effect of platelet count on TA
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the ETPp was borderline significant (standardized Beta = 0.159, 
P = .065).

4  | DISCUSSION

Fluorogenic plasma-TG assays are commonly used to model the global 
coagulation phenotype because these assays provide an efficient tool 

for assessing the complex interplay between pro- and anticoagulant 
factors.2,4,25 WB-TG is one step closer to physiology because it also in-
cludes the influence of the circulating blood cells on TG. The erythro-
cytes in WB can cause distortion of the fluorescence signal transmission, 
as a result of erythrocyte sedimentation during measurements. Previous 
reported fluorogenic methods for WB-TG measurement suffered from 
high imprecision15 or strong interference of contact activation,14 ham-
pering the routine applications of WB-TG in routine applications.

 n % CV Median

Reference Intervals 
(2.5th to 97.5th 
Percentiles)

Female, number (%) 60 (50.4%) – – –

Age 119 – 31.0 20.0-63.0

Blood counts

White blood cell (×109/L) 119 23.5% 5.8 4.1-8.8

Erythrocyte (×1012/L) 119 8.9% 4.9 4.1-6.0

Hemoglobin (mmol/L) 119 8.7% 8.8 7.0-10.4

Hematocrit (%) 119 8.1% 42.9 35.4-48.3

Platelet (×109/L) 119 20.9% 263.3 151.1-397.8

Mean platelet volume 
(fL)

119 11.1% 7.5 6.0-9.8

WB-TG 1 pmol/L TF

Lag time (min) 119 16.6% 4.2 3.2-6.1

Time-to-peak (min) 119 14.8% 7.0 5.9-10.6

Peak (nmol/L) 119 18.0% 203.2 122.5-297.7

ETPp (nmol min/L) 119 21.1% 315.6 218.9-522.9

WB-TG 2.5 pmol/L TF

Lag time (min) 119 15.5% 2.8 2.1-4.1

Time-to-peak (min) 119 12.3% 5.3 4.5-7.1

Peak (nmol/L) 119 15.2% 230.7 161.3-316.9

ETPp (nmol min/L) 119 19.8% 307.6 222.6-489.7

Abbreviations: ETPp, endogenous thrombin potential until the thrombin peak;TF, tissue factor; 
WB-TG, whole blood thrombin generation.

TA B L E  3   Interindividual variations 
and reference intervals of the WB-TG 
parameters

F I G U R E  4   The WB-TG parameters of males and females in 119 healthy volunteers. TG was triggered at 1 pmol/L TF in citrated WB 
samples. WB-TG parameters (A) lag time, (B) thrombin-peak, (C) and ETPp are shown for the different groups, including males (n = 59) 
and females (n = 60). Medians and interquartile ranges are indicated as bars; the gray areas represent the reference intervals of the total 
population (2.5th percentile to 97.5th percentile). Statistical significance was determined using the Mann-Whitney U-test, **P < .01
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In this study, we developed a novel fluorogenic assay for contin-
uous WB-TG measurement. Stable light transmission during WB-TG 
was achieved by continuous mixing of the assay plate during the en-
tire measurement course, using a microtiter plate with round-cor-
nered wells. We obtained reproducible fluorescence signals in both 
the calibration and TG experiments, and we showed that erythro-
cyte dependent light distortion was adequately controlled in clotting 
blood, because exogenously added rhodamine gave a stable fluores-
cence signal during a whole WB-TG course.

Although the ascending part of the WB-TG curve was sta-
ble and reproducible, the descending part of a WB-TG curve 
had higher variation between measurements. Therefore, we 
used a CRG-based calculation method to calculate the endoge-
nous thrombin potential until the thrombin peak (ETPp). Similar 
to previous studies,13,22 we found that the WB-TG parameters 
from the CRG-based calculation method correlates well with that 
from the classic CAT method (Spearman r > .95 for all TG pa-
rameters). The thrombin peak calculated by the CRG method is 
systematically higher than that by the regular CAT method, be-
cause no correction is foreseen for the α2M-T that still cleaves 
the substrate.13 The advantage of the CRG-based calculation is 
that the measurement time is significantly shorter (from 50 to 
20 minutes), although it may fail to give correct calculation for 
certain samples (e.g., samples with extremely slow TG or if the 
shape of the TG curve deviates from normal as is observed in the 
presence of direct FXa inhibitors). Of note, the mixing technique 
described here is optimized for the Fluoroskan Ascent fluorome-
ter, therefore the user of the plasma-CAT assay can readily adopt 
this new assay, but additional optimization will be needed for 
other fluorometers.

We tested the reproducibility of our novel WB-TG assay and 
showed that the intra- and interassay variations of all parameters 
were below 7%. We also compared our novel WB-TG assay with the 
paper-based WB-TG assay. The paper-based assay had a shorter lag 
time (2.15-fold, on average) than our novel WB-TG when TG was not 
triggered with TF or another initiator of coagulation. This difference 
indicates that our novel WB-TG assay is less disturbed by contact 
activation than the paper-based assay.14,18 Although the use of CTI 
in the paper-based assay can reduce the effect of contact activation, 
this will increase the cost and increase the number of handling steps 
of the assay.14 Another advantage of our novel WB-TG is that there 
is no need for preparation of paper disks or addition of oil, making it 
less laborious and less dependent on the skills of the operator.

The interindividual variations of the WB-TG parameters in a 
group of 119 healthy volunteers was between 12% and 22%, which is 
comparable to the values previously reported in PPP, PRP, and WB.26 
Previously identified prothrombotic risk factors (i.e., higher age and 
OC use)27,28 were confirmed by our novel WB-TG assay; higher age 
and OC use were associated with shorter lag time, higher ETPp, and 
peak thrombin. In agreement with previous observations,26 females 
have a shorter lag time and higher ETPp than males. The reference 
ranges of the WB-TG parameters were determined to pave the way 
for further studies.

Thrombin generation in WB depends on a complex interplay be-
tween coagulation factors and blood cells.6,7 In a widely accepted 
cell-based model of hemostasis, TG is initiated by factor (F)VIIa bind-
ing to surface-bound TF, leading to the activation of trace amounts 
of FIX, FX, and, subsequently, thrombin. Low concentrations of 
thrombin activates platelets and cofactors FV and FVIII, which form 
a complex with FXa and FIXa, respectively to increase the efficiency 
of thrombin formation (i.e., propagation) on phosphatidylserine-pos-
itive surfaces.6,7 Platelets are equipped to create a procoagulant en-
vironment, via secretion of coagulation (co)factors,6 expression of 
membrane receptors, and phosphatidylserine exposure to form the 
surface for the coagulation cascade.7 The effects of platelet count 
and function on the onset and velocity of ex vivo TG was previously 
characterized with a PRP-TG assay,4,19 and was also confirmed in our 
WB-TG assay.

The impact of erythrocyte on TG and coagulation is less well 
established and has gained interest.10-11,29,30 Using our novel 
WB-TG assay, we studied the influence of erythrocytes and plate-
lets on TG in detail with reconstituted blood samples and in WB 
from 119 healthy donors. We found that the fast onset of TG (i.e., a 
short lag time) relied on the presence of platelets and was also af-
fected by the activation or inhibition state of platelets. Conversely, 
high erythrocyte numbers prolonged the lag time, whereas eryth-
rocyte count dose dependently augmented the peak thrombin of 
TG, which persisted in the presence of high platelet numbers. The 
negative impact of high erythrocyte numbers on the onset of TG 
could be attributed to steric hindrance because of its large size 
and high abundance in WB. Although a portion (approximately 
0.5%) of erythrocytes in the circulation of normal individuals ex-
hibited phosphatidylserine (PS) exposure,10,11 this portion may be 
too low to reverse the previously mentioned effect. Erythrocytes 
may augment TG in the propagation phase once they are trapped 
inside the clot. Besides the PS exposure and their impact on blood 
rheology and endothelium function, erythrocytes have also been 
suggested to directly affect platelet function.31 A recent finding 
showed that erythrocyte-platelet interaction via the Fas ligand-re-
ceptor increases the PS exposure on both cells,32 which could po-
tentially facilitate TG.

In healthy subjects, the normal variation in platelet count and in 
hematocrit seems to have minimal effects on the ETPp. This was also 
observed in previous studies in PRP-TG, which showed that the en-
dogenous thrombin potential was insensitive to platelet numbers, if 
the platelet numbers were higher than 35 × 109/L.4,19 Furthermore, 
our experiments studying the influences of platelet agonist and an-
tagonists on WB-TG also showed that these molecules mainly in-
fluenced the initiation and velocity of TG but the influence on the 
ETPp was neglectable. Probably, the effects of platelet inhibitors in 
preventing venous thrombosis stem from delaying the onset of TG 
on platelets. However, there are several diseases in which the high 
thrombotic risk is likely induced by the blood cells and not by the 
plasma coagulation factors, including sickle cell disease and hema-
tologic malignancies such as multiple myeloma and leukemia.33,34 
For example, patients with sickle cell disease are recognized to 
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have a hypercoagulable state, resulting in higher amounts of in 
vitro thrombin-antithrombin complex formation in WB than normal 
controls11; however, their endogenous thrombin potential tested in 
plasma was similar12,13 or even lower11 compared with normal con-
trols, suggesting that blood cells may play an important role for the 
hypercoagulability.

In conclusion, we have developed a novel assay for continuous 
WB-TG measurement. This assay is a straightforward approach to 
measure the involvements of platelets and erythrocytes in TG and 
may assist the research of blood cell-associated coagulation disorders.
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